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Abstract	  
The	  studies	  presented	  in	  this	  thesis	  describe	  the	  identification	  of	  novel	  capsid	  motifs	  
involved	  in	  cell	  culture	  adaptation	  of	  FMDV	  A/Iran/87	  A-­‐.	  	  Field	  isolates	  of	  foot-­‐and-­‐
mouth	  disease	  virus	  (FMDV)	  use	  integrins	  as	  receptors	  due	  to	  the	  presence	  of	  a	  
conserved	  integrin-­‐binding	  RGD	  motif	  located	  on	  the	  G-­‐H	  loop	  of	  VP1,	  whereas	  cell-­‐
culture	  adapted	  variants	  can	  use	  other	  receptors	  such	  as	  heparan	  sulphate	  (HS).	  FMDV	  
A/Iran/87	  A-­‐	  was	  isolated	  from	  a	  vaccine	  stock	  and	  has	  a	  major	  deletion	  within	  the	  VP1	  G-­‐
H	  loop.	  This	  virus	  is	  unable	  to	  bind	  to	  integrins	  (as	  it	  lacks	  the	  RGD),	  and	  lacks	  the	  known	  
HS	  contact	  residues.	  Sequence	  comparison	  identified	  a	  limited	  number	  of	  surface	  
exposed	  residue	  changes,	  including	  a	  LEK	  to	  SAR	  tri-­‐peptide	  at	  VP2	  78-­‐80	  and	  a	  KE	  to	  EK	  
di-­‐peptide	  at	  VP2	  130-­‐131.	  Reverse	  genetics	  was	  used	  to	  investigate	  a	  functional	  role	  for	  
these	  motifs	  in	  infection	  where	  it	  was	  found	  that	  VP2	  80	  (R)	  and	  131	  (K)	  were	  critical	  for	  
infectivity.	  Mutagenesis	  was	  then	  used	  to	  introduce	  these	  motifs	  in	  to	  another	  type-­‐A	  
virus	  whilst	  simultaneously	  abrogating	  integrin-­‐binding.	  Infectious	  virus	  could	  only	  be	  
recovered	  when	  both	  the	  SAR	  and	  EK	  motifs	  were	  present	  suggesting	  that	  both	  the	  SAR	  
and	  EK	  motifs	  are	  essential	  for	  infection,	  most	  likely	  by	  forming	  a	  novel	  receptor	  
attachment	  site.	  	  Using	  immunofluorescence	  microscopy,	  cell	  surface-­‐bound	  A/Iran/87	  A-­‐	  
was	  rapidly	  internalised	  (within	  5	  mins),	  and	  co-­‐localised	  with	  markers	  of	  early	  
endosomes.	  This	  was	  characteristic	  of	  clathrin-­‐mediated	  endocytosis	  and	  this	  conclusion	  
was	  supported	  by	  observations	  that	  entry	  was	  inhibited	  by	  clathrin-­‐	  and	  dynamin-­‐
inhibitors.	  However	  A/Iran/87	  A-­‐	  also	  co-­‐localised	  with	  caveolin-­‐1,	  a	  marker	  of	  caveolae,	  
suggesting	  it	  may	  use	  more	  than	  one	  entry	  pathway.	  	  Taken	  together,	  this	  research	  may	  
pave	  the	  way	  for	  future	  studies	  into	  rationally	  designed	  vaccine-­‐viruses	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  GFP-­‐caveolin-­‐1,	  15	  minutes	  entry	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Chapter	  One:	  Introduction	  
	  
1.1	  The	  Picornaviruses	  
The	  Picornaviridae	  are	  the	  cause	  of	  many	  important	  human	  and	  veterinary	  diseases.	  	  The	  
name	  derives	  from	  pico	  for	  small	  and	  ribonucleic	  acid	  (RNA),	  as	  all	  picornaviruses	  have	  a	  
single	  stranded,	  positive	  sensed	  RNA	  genome.	  	  The	  capsid	  consists	  of	  an	  icosahedral,	  non-­‐
enveloped	  shell	  constructed	  by	  60	  copies	  each	  of	  four	  viral	  proteins,	  is	  approximately	  
30nm	  in	  diameter,	  and	  has	  5-­‐,	  3-­‐,	  and	  2-­‐fold	  axis	  of	  symmetry.	  	  Enclosed	  within	  the	  capsid	  
is	  a	  single	  strand	  of	  positive-­‐sensed	  RNA	  approximately	  7500-­‐8500	  nucleotides	  long	  
(depending	  on	  the	  virus).	  The	  RNA	  genome	  contains	  a	  single	  open-­‐reading	  frame	  (ORF),	  
which	  encodes	  a	  polyprotein	  that	  is	  subjected	  to	  post-­‐translational	  cleavage	  and	  
modification.	  	  The	  full	  polyprotein	  in	  FMDV	  however	  is	  never	  observed	  due	  to	  a	  ribosomal	  
“skip”	  event	  that	  occurs	  at	  the	  2A/2B	  junction,	  preventing	  a	  peptide	  bond	  forming	  (see	  
section	  1.7.3).	  The	  picornaviruses	  are	  divided	  into	  four	  major	  groups,	  which	  are	  further	  
divided	  into	  a	  number	  of	  genera,	  species,	  serotype,	  and	  strains	  (Table	  1.1.).	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Table	  1.1.	  Classification	  and	  nomenclature	  of	  the	  picornaviruses.	  	  Source:	  picornaviridae.com	  
Genus Species No.	  of	  serotypes
Bovine	  rhinitis	  A	  virus 2
Bovine	  rhinitis	  B	  virus 1
Equine	  rhinitis	  A	  virus 1
Foot-­‐and-­‐mouth	  disease	  virus 7
Aquamavirus* Aquamavirus	  A 1
Avihepatovirus Duck	  hepatitis	  A	  virus 3
Avisivirus Avisivirus	  A 1
Encephalomycocarditis	  virus 2
Theilovirus 15
Human	  cosavirus	  species	  A 1
Human	  cosavirus	  species	  B 1
Human	  cosavirus	  species	  C 1
Human	  cosavirus	  species	  D 1
Dicipivirus Cadicivirus	  A 1
Enterovirus	  A 25
Enterovirus	  B 61
Enterovirus	  C 23
Enterovirus	  D 5
Enterovirus	  E 4
Enterovirus	  F 6
Enterovirus	  G 11
Enterovirus	  H 1
Enterovirus	  J 6
Rhinovirus	  A 80
Rhinovirus	  B 32
Rhinovirus	  C 54
Erbovirus Equine	  rhinitis	  B	  virus 3
Gallivirus Gallivirus	  A 1
Hepatovirus Hepatitis	  A	  virus 1
Hunnivirus Hunnivirus	  A 1
Aichivirus	  A 5
Aichivirus	  B 2
Aichivirus	  C 1
Megrivirus Melegrivirus	  A 1
Mischivirus Mischivirus	  A 1
Mosavirus Mosavirus	  A 1
Oscivirus Oscivirus	  A 1
Human	  parechovirus 16
Ljungen	  virus 4
Pasivirus Pasivirus	  A 1
Passerivirus Passerivirus	  A 1
Rosavirus Rosavirus	  A 1
Salivirus Salivirus	  A 1
Porcine	  sapelovirus 1
Simian	  sapelovirus 3
Avian	  sapelovirus 1
Sanecavirus Seneca	  Valley	  virus 1
Teschovirus Porcine	  teschovirus	   13
Tremovirus Avian	  encephalomyelitic	  virus 1
Aphthovirus
Cardiovirus
Cosavirus
Enterovirus
Sapelovirus
Kobuvirus
Parechovirus
16	  
1.2	  Foot-­‐and-­‐Mouth	  Disease	  
1.2.1	  Historical	  perspective	  
Foot-­‐and-­‐mouth	  disease	  is	  a	  highly	  contagious	  disease	  of	  cloven-­‐hooved	  animals	  
including;	  cattle,	  sheep,	  pigs,	  and	  many	  other	  wildlife	  species.	  	  Characteristics	  symptoms	  
are	  high	  morbidity	  but	  low	  mortality,	  fever,	  reductions	  in	  milk	  production,	  and	  vesicular	  
lesions	  on	  the	  hooves	  and	  oral	  cavity	  that	  develop	  2-­‐8	  days	  after	  infection.	  	  Outbreaks	  in	  
FMD	  free	  countries	  are	  responsible	  for	  enormous	  economic	  losses,	  and	  it	  has	  long-­‐term	  
effects	  in	  territories	  where	  the	  disease	  is	  endemic	  due	  to	  losses	  in	  productivity	  and	  trade.	  	  
The	  causative	  agent	  is	  foot-­‐and-­‐mouth	  disease	  virus	  (FMDV),	  a	  picornavirus	  and	  the	  type	  
member	  of	  the	  aphthovirus	  genus.	  	  	  
	  
The	  earliest	  description	  of	  FMDV	  possibly	  comes	  from	  the	  Venetian	  monk,	  Hieronymus	  
Fracastorius,	  in	  1514	  [1].	  	  He	  reported	  about	  animals	  that	  refused	  their	  feed,	  and	  had	  
vesicles	  on	  their	  oral	  cavity	  and	  hooves,	  however	  all	  the	  animals	  made	  a	  full	  recovery.	  	  
The	  description	  bears	  a	  strong	  resemblance	  to	  the	  symptoms	  of	  FMDV,	  however	  for	  many	  
years	  the	  causative	  agent	  of	  FMD	  remained	  a	  mystery.	  	  It	  wasn’t	  until	  1898	  that	  the	  
causative	  agent	  was	  identified	  by	  Loeffler	  and	  Frosch	  [2].	  	  	  
	  
FMDV	  exists	  as	  seven	  distinct	  serological	  types;	  O,	  A,	  C,	  SAT1,	  SAT-­‐2,	  SA3,	  and	  Asia-­‐1.	  	  
Types	  O	  and	  A	  were	  initially	  discovered	  by	  Vallée	  and	  Carré	  in	  1922	  [3]	  who	  named	  them	  
after	  the	  place	  of	  origin;	  O	  for	  the	  department	  of	  Oise	  in	  France	  and	  A	  for	  Allemagne.	  	  
Waldmann	  and	  Carr	  then	  discovered	  a	  third	  serotype	  which	  they	  named	  type	  C	  [4].	  	  	  
Three	  further	  serotypes	  were	  identified	  in	  samples	  from	  South	  Africa,	  	  and	  thus	  named	  
South	  African	  Territories	  types	  SAT1,	  SAT2,	  and	  SAT3	  [5].	  	  Finally,	  a	  seventh	  serotype	  was	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isolated	  from	  a	  sample	  taken	  from	  a	  water	  buffalo	  located	  in	  Okara,	  Punjab,	  Pakistan,	  in	  
1954	  and	  was	  named	  Asia-­‐1	  [6].	  
	  
1.2.2	  Outbreaks	  and	  economic	  impact	  
Foot-­‐and-­‐mouth	  disease	  is	  a	  serious	  and	  economically	  important	  disease.	  	  It	  is	  the	  most	  
contagious	  veterinary	  disease	  and	  can	  spread	  very	  rapidly.	  	  	  	  The	  presence	  of	  FMDV	  in	  
endemic	  countries	  provides	  a	  significant	  barrier	  to	  international	  trade	  and	  causes	  major	  
losses	  to	  the	  agricultural	  industries	  of	  the	  respective	  countries.	  Although	  endemic	  in	  
many	  countries,	  incursions	  into	  FMDV	  free	  areas	  are	  responsible	  for	  severe	  economic	  and	  
agricultural	  damage.	  	  Huge	  outbreaks	  in	  Taiwan	  in	  1997,	  and	  the	  United	  Kingdom	  in	  2001	  
and	  2007	  were	  responsible	  for	  severe	  economic	  damage,	  and	  trade	  barriers	  were	  placed	  
on	  these	  countries	  until	  they	  were	  declared	  FMDV	  free.	  	  Thus,	  control	  of	  FMDV	  is	  a	  high	  
priority	  for	  many	  governments.	  
	  
1.3	  Clinical	  features	  and	  pathogenesis	  	  
1.3.1	  Symptoms	  
FMDV	  infects	  a	  range	  of	  cloven-­‐hoofed	  animals	  including	  cattle,	  sheep,	  pigs,	  goats	  and	  
other	  species	  of	  wild	  animals	  [7],	  however	  pathogenesis	  has	  mostly	  been	  studied	  in	  cattle	  
and	  pigs.	  	  Infection	  in	  cattle	  normally	  occurs	  via	  the	  respiratory	  tract	  by	  inhaling	  
aerosolized	  virus	  [8,	  9].	  	  Disease	  transmission	  can	  also	  occur	  via	  abrasions	  on	  the	  skin	  or	  
mucus	  membranes	  however	  this	  is	  inefficient	  compared	  to	  inhalation,	  requiring	  10,000	  
times	  more	  virus	  [8].	  	  The	  disease	  is	  characterized	  by	  the	  development	  of	  fluid-­‐filled	  
vesicles	  in	  or	  around	  the	  mouth	  and	  on	  the	  feet,	  which	  may	  also	  appear	  on	  the	  teats	  and	  
mammary	  glands	  of	  females.	  	  Accompanying	  the	  vesicles	  are	  fever,	  depression,	  lameness,	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and	  drops	  in	  milk	  production	  in	  lactating	  animals.	  	  The	  vesicles	  rupture	  after	  
approximately	  1-­‐3	  days	  causing	  painful	  erosions	  on	  the	  affected	  animal.	  	  Infected	  cattle	  
aerosolize	  virus	  which	  has	  been	  shown	  to	  travel	  large	  distances	  in	  the	  wind	  [10-­‐13],	  this	  
can	  then	  infect	  other	  cattle	  or	  different	  susceptible	  species.	  	  Infected	  cattle	  excrete	  virus	  
in	  the	  milk	  (dairy	  cattle),	  semen,	  urine	  and	  faeces,	  and	  calves	  can	  be	  infected	  by	  inhaling	  
milk	  droplets.	  	  Although	  mortality	  in	  adult	  animals	  is	  fairly	  low	  (3%),	  FMDV	  has	  an	  affinity	  
for	  the	  heart	  tissue	  of	  juvenile	  animals	  and	  can	  cause	  death	  by	  myocarditis	  when	  it	  
replicates	  in	  the	  heart	  tissue.	  	  Mortality	  can	  be	  as	  high	  as	  90%	  in	  pigs	  and	  lambs	  therefore	  
this	  is	  of	  particular	  concern	  to	  those	  who	  depend	  on	  livestock	  for	  their	  livelihoods.	  	  
	  
1.3.2	  Primary	  and	  secondary	  sites	  of	  replication	  
The	  exact	  site	  of	  initial	  replication	  remains	  unclear	  but	  the	  best	  evidence	  suggests	  that	  
the	  pharyngeal	  area	  is	  the	  primary	  site,	  except	  when	  infection	  is	  transmitted	  via	  direct	  
entry	  by	  cuts	  and	  abrasions	  into	  the	  skin	  or	  mucosa.	  Epithelial	  cells	  of	  the	  soft	  dorsal	  
palate	  and	  the	  pharynx	  roof	  are	  also	  sites	  of	  primary	  replication.	  	  After	  initial	  infection,	  
virus	  enters	  the	  bloodstream	  through	  regional	  lymph	  nodes	  resulting	  in	  viraemia.	  	  
Secondary	  sites	  of	  infection	  can	  then	  occur	  in	  the	  cornified	  stratified	  squamous	  epithelia	  
of	  the	  skin	  and	  this	  can	  include	  the	  feet,	  mammary	  glands	  and	  mouth.	  	  Although	  most	  
viral	  RNA	  is	  cleared	  from	  tissues	  of	  infected	  animals	  within	  14	  days	  [14],	  animals	  that	  
have	  entered	  the	  post-­‐viraemia	  stage	  of	  pathogenesis	  may	  sometimes	  enter	  a	  
persistently	  infected	  carrier	  state	  where	  infectious	  FMDV	  can	  be	  recovered	  more	  than	  28	  
days	  post-­‐infection	  [15-­‐17].	  
	  
The	  pathogenesis	  and	  symptoms	  of	  FMDV	  vary	  depending	  on	  the	  species	  of	  animal	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infected,	  and	  clinical	  diagnosis	  can	  be	  difficult.	  	  Cattle	  are	  very	  susceptible	  to	  infection	  
and	  display	  the	  typical	  symptoms	  as	  described	  above.	  	  In	  comparison,	  FMD	  diagnosis	  in	  
sheep	  and	  goats	  is	  often	  difficult	  as	  the	  clinical	  signs	  are	  mild	  [18-­‐21],	  which	  may	  aid	  
transmission.	  	  On	  the	  other	  hand,	  it	  is	  difficult	  to	  infect	  swine	  via	  the	  aerosolized	  route	  
and	  disease	  is	  usually	  transmitted	  via	  the	  eating	  of	  infected	  meat	  [10,	  11].	  	  Infected	  pigs	  
however	  excrete	  a	  large	  amount	  of	  aerosolized	  virus	  and	  their	  symptoms	  are	  severe	  [10,	  
17].	  	  	  
	  
1.3.3	  Long-­‐term	  virus	  persistence	  in	  the	  host	  
The	  clinical	  stage	  of	  FMDV	  is	  usually	  over	  after	  14	  days	  post-­‐infection,	  however	  infected	  
animals	  can	  transform	  into	  a	  persistently	  infected	  “carrier”	  state	  that	  complicates	  disease	  
control.	  	  FMDV-­‐carriers	  are	  defined	  as	  animals	  where	  infectious	  virus	  can	  be	  recovered	  
from	  oropharyngeal	  fluid	  more	  than	  28	  days	  post	  infection	  [22].	  The	  presence	  of	  
neutralizing	  antibodies	  following	  exposure	  or	  vaccination	  does	  not	  affect	  the	  
development	  into	  carrier	  state	  status,	  thus	  vaccinated	  animals	  may	  become	  long-­‐term	  
FMDV	  carriers	  without	  the	  appearance	  of	  clinical	  signs	  of	  FMD	  [22-­‐24].	  	  
	  
1.4	  Structure	  of	  the	  FMDV	  Virion	  
The	  capsids	  of	  picornaviruses,	  including	  FMDV,	  are	  formed	  from	  multiple	  copies	  of	  	  	  four	  
structural	  viral	  proteins;	  VP1,	  VP2,	  VP3	  and	  VP4	  which	  enclose	  a	  single	  strand	  of	  positive	  
sense	  RNA	  [25,	  26].	  	  The	  capsid	  is	  composed	  of	  60	  copies	  each	  of	  the	  four	  viral	  proteins	  
which	  form	  an	  icosahedral	  shell	  which	  demonstrates	  5-­‐,	  3-­‐,	  and	  2-­‐fold	  axes	  of	  symmetry	  
[27].	  	  VP1,	  2	  and	  3	  form	  the	  outer	  shell	  whereas	  VP4	  in	  internal	  and	  is	  believed	  to	  interact	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with	  the	  RNA	  genome	  [28],	  although	  the	  mechanism	  is	  still	  unclear.	  	  The	  structure	  of	  type	  
O	  FMDV	  is	  shown	  in	  Figure	  1.1.	  
The	  three	  structural	  proteins,	  VP1-­‐3,	  are	  organised	  following	  a	  pseudo	  T=1	  (P=3)	  
architecture.	  	  The	  P=3	  arrangement	  is	  possible	  due	  to	  their	  	  similar	  structure	  	  that	  consists	  
of	  a	  wedge-­‐shaped	  eight-­‐stranded	  β-­‐barrel	  core,	  however	  there	  is	  great	  variation	  in	  the	  
length	  and	  sequence	  of	  the	  connecting	  loops.	  	  The	  length	  and	  composition	  of	  these	  loops,	  
in	  conjunction	  with	  the	  tilts	  of	  the	  β-­‐barrels,	  determine	  the	  differences	  between	  the	  
structural	  proteins	  and	  account	  for	  the	  differences	  in	  antigenicity	  and	  receptor	  specificity	  
between	  different	  picornaviruses.	  	  Five	  proteolytically	  processed	  viral	  protein	  (VP)	  
monomers	  (protomers	  consisting	  of	  one	  copy	  each	  of	  VP0,	  VP1	  and	  VP3)	  assemble	  into	  
pentamers,	  then	  12	  pentamers	  associate	  to	  form	  a	  complete	  icosahedral	  shell.	  The	  N-­‐
termini	  of	  VP1-­‐3	  are	  located	  on	  the	  inner	  surface	  of	  the	  capsid	  in	  a	  net-­‐like	  fashion,	  and	  
make	  extensive	  contacts	  with	  one-­‐another	  that	  helps	  stabilise	  the	  formation	  of	  
pentameric	  intermediates.	  	  In	  contrast,	  the	  C-­‐termini	  of	  VP1-­‐3	  are	  on	  the	  outer	  surface	  of	  
the	  capsid	  and	  make	  limited	  contacts	  with	  one	  another.	  	  The	  VP1	  proteins	  are	  mostly	  
located	  at	  the	  5-­‐fold	  axis,	  whereas	  VP2	  and	  VP3	  alternate	  around	  the	  2-­‐fold	  and	  3-­‐fold	  
axis.	  	  VP4	  in	  comparison	  is	  structurally	  very	  different	  and	  is	  located	  internally.	  	  The	  N-­‐
terminus	  of	  VP4	  is	  covalently	  myristylated	  and	  points	  towards	  the	  5-­‐fold	  axis	  [29,	  30].	  	  
VP4	  varies	  considerably	  in	  length	  and	  structure	  between	  the	  different	  picornaviruses.	  The	  
final	  icosahedral	  capsid	  has	  twelve	  5-­‐fold	  centres	  of	  symmetry.	  
The	  three-­‐dimensional	  structures	  of	  several	  serotypes	  of	  FMDV	  have	  been	  determined	  to	  
near	  atomic	  resolution	  using	  X-­‐ray	  crystallography.	  	  The	  structures	  include	  those	  of	  
serotypes	  O,	  A	  and	  C	  [27,	  31-­‐36],	  and	  of	  virus	  complexed	  with	  neutralizing	  antibodies	  [37,	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38],	  or	  oligosaccharide	  binding	  complexes	  [32,	  39].	  	  FMDV	  particles	  are	  approximately	  28-­‐
30nm	  in	  diameter	  and	  are	  spherical	  under	  the	  EM	  with	  a	  smooth	  surface	  [27,	  31].	  	  The	  
loops	  joining	  the	  β-­‐strands	  of	  FMDV	  VP1-­‐3	  are	  generally	  shorter	  than	  most	  other	  
picornaviruses,	  meaning	  that	  the	  protein	  shell	  is	  thinner	  and	  lacks	  the	  higher	  radius	  
features	  of	  other	  picornaviruses,	  such	  as	  the	  canyon	  or	  pits	  seen	  that	  encircle	  the	  5-­‐fold	  
axis	  in	  enteroviruses	  (see	  Figure	  1.2).	  	  The	  region	  that	  would	  be	  analogous	  to	  a	  canyon	  or	  
pit	  is	  occupied	  by	  the	  17	  C-­‐terminal	  amino	  acid	  “arm”	  of	  VP1	  [27].	  
	  
In	  type	  O	  FMDV,	  VP1	  is	  approximately	  213	  residues	  long.	  	  The	  loop	  linking	  the	  β	  strands	  G	  
and	  H	  of	  VP1	  is	  significantly	  longer	  than	  in	  other	  picornaviruses	  and	  protrudes	  from	  the	  
particle	  surface	  (the	  FMDV	  G-­‐H	  loop).	  	  This	  loop	  is	  anchored	  to	  the	  particle	  surface	  but	  is	  
conformationally	  flexible	  [27,	  31].	  	  	  	  The	  G-­‐H	  loop	  of	  VP1,	  which	  corresponds	  to	  residues	  
141-­‐161	  in	  type	  O	  viruses	  [31]	  is	  a	  major	  structural	  feature	  of	  FMDV;	  however,	  it	  is	  
structurally	  disordered	  and	  thus	  difficult	  to	  see	  using	  X-­‐ray	  crystallography.	  	  The	  loop	  is	  
antigenically	  important	  and	  located	  at	  its	  apex	  (residues	  144-­‐146)	  is	  an	  Arg-­‐Gly-­‐Asp	  (RGD)	  
motif	  that	  mediates	  receptor	  binding	  to	  integrins	  (see	  picornavirus	  cell	  entry).	  Early	  work	  
on	  the	  antigenic	  properties	  of	  FMDV	  revealed	  that	  treatment	  with	  trypsin,	  which	  only	  
cleaves	  VP1	  of	  the	  virus	  polypeptides,	  led	  to	  a	  significant	  decrease	  in	  infectivity	  and	  loss	  
of	  immunising	  activity	  [40].	  Analyses	  of	  particles	  that	  have	  had	  the	  G-­‐H	  loop	  chemically	  
reduced	  or	  bound	  to	  neutralising	  antibodies	  have	  determined	  that	  the	  G-­‐H	  loop	  can	  
adopt	  two	  predominant	  conformations	  [31,	  37,	  38].	  These	  are	  “up”	  or	  “down”	  
conformations	  in	  relation	  to	  the	  surface	  of	  the	  particle.	  This	  disorder	  is	  enhanced	  by	  a	  
disulphide	  bond	  linking	  the	  base	  of	  the	  loop	  (VP1	  cys134)	  to	  VP2	  cys130.	  	  FMDV	  O1BFS	  
has	  been	  visualised	  with	  the	  G-­‐H	  loop	  permanently	  in	  the	  more	  ordered	  down	  position	  by	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DTT	  treatment	  [31].	  	  In	  this	  conformation	  the	  disulphide	  bond	  is	  reduced	  and	  the	  G-­‐H	  
loop	  lies	  down	  on	  the	  surface	  of	  VP2,	  forming	  a	  β-­‐strand	  with	  the	  RGD	  motif	  being	  moved	  
into	  an	  extended	  position.	  This	  structure	  may	  be	  important	  for	  integrin	  recognition	  [41,	  
42].	  	  	  
	  
FMDV	  VP2	  is	  approximately	  218	  residues	  long	  in	  serotype	  O,	  which	  is	  shorter	  than	  VP2	  of	  
other	  picornaviruses.	  The	  N-­‐terminal	  residues	  are	  buried	  internally	  and	  form	  a	  close	  
association	  around	  the	  3-­‐fold	  axis	  with	  other	  protomers	  that	  results	  in	  a	  tight	  annulus.	  	  It	  
is	  thought	  that	  a	  calcium	  ion	  located	  at	  this	  annulus	  interacts	  with	  a	  conserved	  glutamic	  
residue	  that	  may	  help	  stabilise	  the	  pentamer	  [27,	  31].	  	  VP3	  is	  composed	  of	  220	  residues	  
(type	  O),	  which	  is	  only	  slightly	  smaller	  than	  other	  picornavirus	  VP3s	  and	  the	  structure	  is	  
relatively	  conserved.	  	  VP3	  N-­‐termini	  associate	  to	  form	  a	  five-­‐stranded	  β-­‐barrel	  located	  at	  
the	  5-­‐fold	  axis	  that	  serves	  to	  join	  the	  protomers	  into	  pentamers.	  	  
	  
Type	  O	  FMDV	  VP4	  is	  the	  smallest	  structural	  protein,	  at	  85	  residues,	  but	  does	  vary	  widely	  
amongst	  the	  picornaviruses.	  	  VP4	  is	  internal	  and	  the	  N-­‐terminus	  is	  myristylated.	  	  The	  
protein	  itself	  contains	  disordered	  regions	  between	  residues	  15-­‐39	  and	  65-­‐85.	  	  The	  VP4	  N-­‐
terminal	  myristylated	  residues	  are	  belived	  to	  lie	  below	  the	  VP3	  N-­‐terminal	  five-­‐stranded	  
β-­‐barrel,	  near	  the	  5-­‐fold	  axis	  [29,	  30].	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Figure	  1.1.	  Schematic	  representation	  of	  an	  icosahedral	  picornavirus	  capsid,	  the	  psuedo	  T=3	  arrangement	  of	  the	  four	  
structural	  proteins	  (VP1-­‐4)	  is	  visible.	  	  The	  viral	  protein	  protomers	  are	  coloured	  as	  follows:	  VP1	  =	  blue,	  VP2	  =	  green.	  
VP3	  =	  red,	  and	  VP4	  is	  not	  shown	  as	  it	  is	  internal.	  	  The	  coloured	  protomer	  is	  enlarged	  and	  shown	  on	  a	  space-­‐filled	  
representation.	  	  The	  five	  known	  antigenic	  sites	  have	  been	  mapped	  on	  this	  structure	  and	  are	  coloured	  as	  follows:	  site	  
1	  and	  5	  =	  blue,	  site	  2	  =	  yellow,	  site	  3	  =	  cyan,	  site	  4	  =	  purple.	  	  The	  Arg-­‐Gly-­‐Asp	  (RGD)	  motif	  of	  VP1	  144-­‐146	  (located	  on	  
the	  G-­‐H	  loop)	  is	  shown	  in	  orange.	  	  (Modified	  from	  Fry	  et	  al,	  2005	  [32])	  	  	  	  
	  
Figure	  1.2.	  Capsid	  structures	  of	  different	  Picornaviruses.	  	  	  
	  
Particles	  are	  depth	  cued	  coloured,	  where	  dark	  blue	  is	  innermost	  and	  white	  is	  outermost	  surface.	  	  
Structures	  are	  (from	  left	  to	  right):	  Enterovirus;	  Theiler’s	  murine	  encephalomyelitis	  virus	  (cardiovirus);	  
foot-­‐and-­‐mouth	  disease	  virus.	  	  Notice	  the	  relatively	  smooth	  surface	  of	  FMDV,	  compared	  with	  the	  5-­‐fold	  
star-­‐shaped	  projections	  and	  canyons	  present	  on	  the	  other	  two	  virion	  capsids.	  	  	  (Adapted	  from	  Tuthill	  et	  al	  
2010	  [25])	  	  	  	  
	  
24	  
1.5	  Antigenicity	  
Sequence	  analysis	  of	  monoclonal	  antibody	  resistant	  type-­‐O	  FMDV	  has	  revealed	  the	  
existence	  of	  five	  antigenic	  sites	  located	  on	  the	  capsid	  surface	  of	  the	  three	  major	  structural	  
proteins.	  	  These	  residues	  have	  been	  mapped	  onto	  three-­‐dimensional	  structures	  of	  FMDV	  
in	  order	  to	  determine	  their	  location	  [43-­‐46]	  (see	  Figure	  1.1).	  	  
	  
• Antigenic	  site	  1	  consists	  of	  the	  amino	  acid	  residues	  133-­‐157,	  which	  make	  up	  the	  
VP1	  G-­‐H	  loop,	  and	  200-­‐213	  which	  compose	  the	  C-­‐terminus.	  	  The	  C-­‐terminus	  of	  
VP1	  lies	  across	  the	  surface	  of	  the	  neighboring	  protomer	  meaning	  these	  residues	  
are	  close	  to	  the	  residues	  of	  the	  G-­‐H	  loop,	  meaning	  there	  is	  an	  association	  between	  
mutations	  at	  VP1	  208	  and	  133-­‐157	  [43].	  	  	  
• Antigenic	  site	  2	  is	  located	  at	  VP2	  residues	  70-­‐77	  which	  are	  located	  on	  the	  βB-­‐βC	  
loop	  in	  association	  with	  residue	  VP2	  131	  which	  is	  located	  on	  the	  βE-­‐αB	  loop.	  	  
These	  residues	  are	  located	  on	  the	  surface	  at	  the	  3-­‐fold	  axis.	  	  	  
• Antigenic	  site	  3	  lies	  on	  residues	  43-­‐45	  of	  VP1.	  	  They	  are	  located	  on	  the	  βB-­‐βC	  and	  
lie	  around	  the	  surface	  of	  the	  5-­‐fold	  axis	  of	  symmetry.	  	  
• Antigenic	  site	  4	  is	  located	  on	  residues	  56-­‐58	  of	  VP3,	  and	  is	  located	  around	  the	  
surface	  of	  the	  3-­‐fold	  axis,	  but	  distinct	  from	  site	  2.	  	  
• Antigenic	  site	  5	  is	  also	  located	  on	  the	  VP1	  G-­‐H	  loop,	  where	  position	  149	  was	  
shown	  to	  be	  critical.	  	  Although	  position	  149	  is	  also	  a	  component	  of	  antigenic	  site	  1,	  
site	  5	  may	  consist	  of	  a	  conformational	  epitope	  formed	  by	  the	  interaction	  of	  the	  
VP-­‐1	  G-­‐H	  loop	  with	  other	  surface	  amino	  acids	  [47].	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Furthermore,	  antigenic	  sites	  have	  also	  been	  mapped	  onto	  serotypes	  O1	  Manisa	  [48],	  A12	  
[49],	  A10	  [50],	  Asia-­‐1	  [51],	  and	  type	  C	  [52].	  	  Some	  overlap	  between	  antigenic	  sites	  has	  
been	  seen	  across	  the	  different	  serotypes.	  	  	  
	  
1.6	  FMDV	  genome	  organization	  
The	  FMDV	  genome	  organization	  is	  similar	  to	  that	  of	  other	  picornaviruses	  (see	  Figure	  1.3)	  
[26],	  and	  a	  single	  copy	  of	  each	  genome	  is	  enclosed	  within	  the	  capsid.	  	  The	  FMDV	  genome	  
is	  approximately	  8300	  nts	  in	  length	  and	  consists	  of	  a	  single	  strand	  of	  positive-­‐sensed	  RNA	  
that	  is	  translated	  as	  a	  single	  open	  reading	  frame	  (ORF).	  	  The	  resulting	  polyprotein	  is	  
subjected	  to	  post-­‐translational	  cleavage	  and	  modification	  however	  the	  full	  polyprotein	  is	  
never	  observed	  due	  to	  a	  ribosomal	  “skip”	  that	  occurs	  at	  the	  2A/2B	  junction	  during	  
translation	  (see	  section	  1.7.3).	  	  The	  ORF	  is	  divided	  into	  four	  sections,	  and	  is	  flanked	  by	  5’	  
and	  3’	  UTRs.	  	  The	  5’UTR	  contains	  structures	  involved	  in	  RNA	  replication	  and	  translation	  
initiation	  whereas	  the	  3’	  UTR	  contains	  a	  poly(A)	  tail	  see	  Figure	  1.4.	  The	  polyprotein	  
consists	  of	  structural	  and	  non-­‐structural	  proteins	  and	  their	  nomenclature	  is	  defined	  by	  
Rueckert	  and	  Wimmer	  [53].	  	  	  
	  
The	  5’	  end	  contains	  two	  in	  frame	  AUG	  start	  codons	  [54]	  that	  are	  used	  as	  start	  sites	  	  for	  
two	  L	  proteins	  called	  Lab	  and	  Lb	  [55,	  56].	  	  Both	  forms	  of	  the	  protein	  are	  synthesized	  in	  
cell-­‐culture	  and	  in-­‐vitro	  [54,	  57,	  58],	  however	  deletion	  of	  the	  second	  AUG	  codon	  
abrogated	  infection	  whereas	  deletion	  of	  the	  first	  AUG	  had	  no	  effect	  [59].	  	  Thus,	  the	  Lb	  
variant	  appears	  to	  be	  the	  biologically	  functional	  protein	  in	  vivo.	  	  The	  L	  protein	  is	  a	  papain-­‐
like	  protease	  (Lpro)	  and	  is	  autocatalytically	  cleaved	  from	  the	  growing	  polypeptide	  at	  the	  C	  
terminus	  [60-­‐64].	  	  Lpro	  plays	  an	  important	  role	  in	  virulence	  by	  shutting	  down	  host	  cell	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protein	  synthesis	  via	  the	  cleavage	  of	  eukaryotic	  eIF4G	  and	  its	  role	  is	  described	  in	  further	  
detail	  below	  in	  “viral	  replication”.	  	  
	  
Following	  on	  from	  the	  L	  region	  is	  the	  P1	  region	  which	  encodes	  the	  four	  structural	  viral	  
proteins;	  VP4	  (1A),	  VP2	  (1B),	  VP3	  (1C),	  and	  VP4	  (1D).	  	  After	  the	  P1	  region	  comes	  the	  P2	  
region	  which	  encodes	  non-­‐structural	  proteins	  (NSPs)	  	  2A,	  2B	  and	  2C,	  then	  finally,	  the	  P3	  
region	  which	  encodes	  NSPs	  3A,	  three	  copies	  of	  3B	  (VPg),	  3Cpro	  and	  3Dpol.	  	  3Cpro	  is	  a	  viral	  
protease	  and	  is	  involved	  in	  the	  post-­‐translation	  cleavage	  and	  processing	  of	  the	  viral	  
polypeptide	  [65],	  it	  also	  acts	  on	  some	  cellular	  targets	  [66],	  whereas	  3Dpol	  is	  the	  viral	  RNA-­‐
dependent	  RNA	  polymerase	  and	  is	  responsible	  in	  RNA	  replication	  [67-­‐71].	  	  The	  roles	  of	  
these	  proteins	  in	  replication	  are	  described	  in	  more	  detail	  below.	  	  
	  
The	  FMDV	  genome	  is	  similar	  to	  eukaryotic	  mRNA	  insofar	  as	  it	  has	  a	  single,	  long	  ORF	  and	  a	  
poly(A)	  tail	  however	  in	  contrast	  to	  eukaryotic	  mRNA	  the	  viral	  genome	  does	  not	  contain	  a	  
5’	  cap	  structure	  (m7GpppN…).	  	  In	  its	  place	  is	  a	  covalently	  attached	  viral	  protein	  named	  
VPg	  (or	  3B),	  a	  23-­‐24	  amino-­‐acid	  protein	  [72,	  73].	  	  The	  single	  polyprotein	  product	  is	  
subjected	  to	  post-­‐translational	  modification	  by	  proteolytic	  cleavages.	  	  The	  products	  of	  
these	  cleavages	  are	  	  a	  number	  of	  processing	  	  intermediates	  and	  mature	  	  structural	  and	  
non-­‐structural	  proteins	  	  that	  either	  form	  the	  capsid	  or	  are	  involved	  in	  virus	  replication	  
[53,	  55,	  74].	  	  Most	  of	  what	  is	  known	  about	  the	  picornavirus	  non-­‐structural	  proteins	  has	  
been	  garnered	  from	  investigations	  into	  poliovirus	  (PV),	  and	  this	  is	  stated	  where	  
appropriate	  in	  the	  sections	  below.	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Figure	  1.3.	  Genome	  structure	  of	  different	  picornavirus	  genera.	  	  	  
	  
P1	  proteins	  are	  structural,	  P2	  and	  P3	  proteins	  are	  non-­‐structural.	  FMDV	  belongs	  in	  the	  Aphthoviridae,	  and	  is	  unique	  
as	  L	  protein	  has	  proteolytic	  activity,	  and	  the	  genome	  encodes	  three	  copies	  of	  3B.	  	  Also	  shown	  is	  the	  various	  cleavage	  
sites.	  	  (Adapted	  from	  Rowlands,	  2010	  [26])	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Figure	  1.4.	  Schematic	  diagram	  of	  FMDV	  genome	  showing	  position	  of	  genetic	  elements.	  
	  
(A)	  Overview;	  white	  boxes	  indicate	  protein-­‐encoding	  regions	  and	  lines	  indicate	  RNA	  structures.	  	  Thick	  lines	  below	  the	  
genome	  diagram	  indicate	  protein	  cleavage	  products.	  	  	  
(B)	  Enlarged	  view	  of	  the	  5’	  UTR.	  	  From	  5’	  to	  3’	  (left	  –	  right)	  the	  structure	  shows	  the	  S	  fragment,	  poly(C)	  tract,	  
psuedoknots	  (PKs),	  cis-­‐acting	  replication	  element	  (cre),	  the	  internal	  ribosome	  entry	  site	  (IRES).	  
(Adapted	  from	  Mason	  et	  al,	  2003	  [76])	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1.6.1	  The	  5’	  UTR	  
The	  5’	  untranslated	  (UTR)	  region	  of	  FMDV	  is	  approximately	  1300	  nts	  in	  length,	  which	  is	  
significantly	  longer	  than	  other	  picornaviruses	  [55,	  74-­‐76].	  	  For	  example	  the	  poliovirus	  
5’UTR	  is	  only	  740	  nts	  in	  length	  and	  the	  encephalomyocarditis	  virus	  5’	  UTR	  is	  
approximately	  830	  nt	  long.	  	  The	  5’	  UTR	  of	  every	  picornavirus	  contains	  sequences	  and	  
structures	  that	  are	  required	  for	  translation	  initiation	  to	  begin,	  and	  for	  RNA	  replication	  [7].	  	  
The	  5’	  UTR	  of	  FMDV	  is	  divided	  into	  several	  regions;	  the	  S-­‐fragment,	  a	  poly(C)	  tract,	  several	  
pseudoknots,	  the	  cis-­‐acting	  replication	  element	  (cre),	  and	  the	  internal	  ribosome	  entry	  site	  
(IRES).	  
	  
1.6.1.1	  VPg	  
Covalently	  attached	  to	  the	  5’	  UTR	  end	  both	  of	  both	  positive	  and	  negatively	  sensed	  RNAs	  is	  
a	  single	  viral	  protein;	  VPg	  (3B).	  	  In	  its	  uridylylated	  form	  (VPgpUpU)	  it	  acts	  as	  a	  primer	  to	  
initiate	  RNA	  synthesis	  [77-­‐81].	  	  	  
	  
1.6.1.2	  The	  S-­‐fragment	  
The	  S-­‐fragment	  is	  located	  near	  the	  5’	  end	  and	  is	  approximately	  360	  nts	  long.	  It	  is	  
predicted	  to	  form	  a	  large	  hairpin	  structure	  [82-­‐84]	  and	  its	  name	  derives	  from	  the	  smaller	  
of	  two	  structures	  formed	  when	  viral	  RNA	  is	  treated	  with	  oligo(dG)	  and	  RNAseH	  [82],	  the	  
other	  being	  the	  (Large)	  L-­‐fragment	  consisting	  of	  the	  remainder	  of	  the	  genome.	  	  The	  exact	  
function	  for	  the	  S-­‐fragment	  in	  FMDV	  is	  not	  known	  and	  there	  is	  no	  specific	  data	  on	  its	  role,	  
however	  investigations	  in	  poliovirus	  suggest	  that	  a	  “cloverleaf”	  structure	  located	  near	  the	  
5’	  terminus	  may	  play	  a	  role	  in	  maintaining	  genome	  stability	  in	  infected	  cells,	  and	  that	  it	  
may	  be	  involved	  in	  the	  binding	  of	  proteins	  involved	  with	  genome	  replication	  [85-­‐91].	  	  The	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cloverleaf	  structure	  of	  PV	  is	  only	  about	  80	  nt	  in	  length,	  and	  binds	  to	  cellular	  RNA-­‐binding	  
protein	  (poly(rC)	  binding	  protein	  2)	  and	  to	  PV	  NSP	  3CD.	  	  Although	  the	  role	  of	  these	  
interactions	  is	  not	  fully	  understood,	  it	  is	  thought	  they	  may	  play	  a	  role	  in	  switch	  from	  
translation	  to	  replication	  [92],	  and	  in	  addition	  to	  the	  cre,	  is	  required	  for	  VPgpUpU	  
synthesis	  [93,	  94].	  	  Mutational	  investigations	  in	  PV	  have	  shown	  that	  the	  5’	  cloverleaf	  
structure	  is	  important	  for	  the	  initiation	  of	  negative-­‐strand	  RNA	  synthesis	  [86,	  87,	  91,	  95-­‐
98].	  	  It	  is	  also	  possible	  the	  5’	  cloverleaf	  may	  play	  a	  role	  in	  the	  circularization	  of	  viral	  RNA	  
which	  may	  facilitate	  replication	  and	  translation	  as	  the	  Poly(A)	  binding	  protein	  binds	  to	  the	  
3’	  terminal	  poly(A)	  tail	  and	  the	  poly(rC)	  binding	  protein	  [87,	  88],	  and	  the	  presence	  of	  a	  
proteins	  at	  the	  5’	  and	  3’	  termini	  may	  also	  protect	  the	  RNA	  from	  cellular	  degradation	  [99].	  	  	  
	  
1.6.1.3	  The	  poly(C)	  tract	  and	  pseudoknots	  
On	  the	  3’	  side	  of	  the	  S-­‐fragment	  is	  a	  poly(C)	  tract	  comprised	  of	  over	  90%	  C	  residues	  and	  is	  
a	  common	  feature	  amongst	  FMDVs	  and	  most	  cardioviruses.	  	  Typically	  the	  poly	  C	  tract	  is	  
around	  100	  bases	  in	  length	  however	  this	  region	  can	  be	  extremely	  variable	  [83,	  100].	  	  
Laboratory	  strains	  normally	  have	  a	  shorter	  tract,	  whereas	  field-­‐isolates	  tend	  to	  have	  a	  
tract	  approximately	  200	  nt	  long	  [101,	  102],	  however	  the	  longest	  (FMDV	  R	  100)	  was	  found	  
in	  a	  persistently	  infected	  cell-­‐culture	  line	  [83].	  	  This	  particular	  strain	  (R	  100)	  was	  hyper	  
virulent	  in	  BHK-­‐21	  cells	  but	  attenuated	  in	  mice	  and	  cattle	  [103].	  	  The	  poly(C)	  tract	  is	  an	  
essential	  part	  of	  the	  5’	  UTR	  and	  there	  is	  a	  strong	  selection	  pressure	  for	  it.	  	  Propagation	  of	  
field-­‐isolates	  in	  cell-­‐culture	  leads	  to	  an	  increase	  in	  poly(C)	  tract	  length	  [83],	  and	  a	  virus	  
derived	  from	  a	  plasmid	  that	  originally	  contained	  6	  C	  residues	  at	  the	  poly(C)	  tract	  was	  
found	  to	  have	  more	  than	  80	  C	  	  residues	  after	  passage	  in	  cell-­‐culture	  [104].	  	  In	  comparison,	  
virus	  derived	  from	  a	  cDNA	  clone	  that	  only	  had	  2	  C	  residues	  showed	  poor	  growth	  in	  cell-­‐
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culture,	  yet	  was	  virulent	  in	  mice	  [104].	  	  One	  interesting	  observation	  about	  this	  virus	  was	  
that	  it	  contained	  a	  higher	  particle/PFU	  ratio	  than	  viruses	  that	  contained	  longer	  poly(C)	  
tracts.	  	  Although	  the	  role	  of	  the	  poly(C)	  tract	  is	  not	  fully	  understood,	  it	  is	  believed	  to	  play	  
a	  role	  in	  virulence	  [101],	  however	  other	  studies	  have	  found	  no	  correlation	  between	  the	  
poly(C)	  tract	  length	  and	  virulence	  [100].	  Investigations	  of	  the	  PV	  poly(C)	  tract	  show	  that	  
there	  is	  an	  association	  of	  the	  host	  factor	  poly(rC)	  binding	  protein	  (PCBP)	  with	  the	  PV	  5’	  
UTR	  	  which	  may	  be	  involved	  in	  the	  switch	  from	  translation	  to	  genome	  replication	  [90].	  	  
Following	  on	  from	  3’	  end	  of	  the	  poly(C)	  tract	  is	  a	  stretch	  of	  sequence	  approximately	  250	  
nt	  in	  length	  that	  contains	  a	  series	  of	  predicted	  RNA	  pseudoknot	  structures	  [104,	  105].	  	  
The	  number	  of	  predicted	  RNA	  pseudoknots	  can	  vary	  according	  to	  strain	  but	  varies	  from	  2	  
to	  4	  [82,	  105].	  	  The	  function	  of	  the	  pseudoknots	  is	  unknown	  however	  they	  may	  act	  in	  
conjunction	  with	  the	  poly(C)	  tract.	  
	  
1.6.1.4	  The	  Cis-­‐acting	  replication	  element	  (cre)	  
Downstream	  of	  the	  RNA	  pseudoknots	  is	  a	  short	  hairpin	  loop	  structure	  termed	  the	  cis-­‐
acting	  replication	  element	  (cre)[106].	  	  Analogous	  cre	  structures	  have	  been	  found	  in	  the	  
genomes	  of	  other	  picornaviruses	  such	  as	  Human	  rhinovirus	  (HRV)	  [107-­‐109],	  PV	  [110],	  
and	  cardioviruses	  [111].	  	  	  The	  cre	  structures	  for	  the	  HRV	  and	  PV	  are	  located	  within	  other	  
coding	  regions	  of	  the	  ORF	  (such	  as	  P1)	  and	  it	  has	  been	  shown	  the	  cre	  can	  be	  moved	  
without	  blocking	  its	  function.	  	  For	  example,	  in	  FMDV	  RNA	  transcripts	  containing	  a	  
mutated	  (thus	  defective	  cre),	  insertion	  of	  a	  cre	  at	  the	  3’	  UTR	  restores	  infectivity	  [106].	  	  
The	  cre	  of	  the	  aphtho-­‐,	  rhino-­‐,	  entero-­‐,	  and	  cardiovirus	  RNAs	  contains	  a	  conserved	  AAACA	  
motif	  located	  in	  the	  loop	  region	  [106,	  109,	  112,	  113].	  	  In	  PV	  and	  HRV	  the	  cre	  acts	  as	  a	  
template	  for	  3B	  (VPg)	  uridylylation	  by	  the	  viral	  RNA	  polymerase	  [112,	  114],	  generating	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VPgpU	  or	  VPgpUpU	  ,	  which	  is	  essential	  for	  RNA	  genome	  replication.	  	  Its	  role	  is	  discussed	  
in	  more	  detail	  in	  “FMDV	  replication	  cycle”	  below.	  	  
	  
1.6.1.5	  The	  Internal	  ribosome	  entry	  site	  (IRES)	  
All	  picornavirus	  RNAs	  lack	  a	  5’	  7-­‐methyl-­‐G	  cap	  structure	  which	  directs	  translation	  
initiation	  in	  eukaryotic	  cells	  by	  recognizing	  eIF4G	  [115],	  furthermore	  the	  5’	  UTR	  of	  
picornaviruses	  is	  relatively	  long	  and	  the	  ORF	  relatively	  distant	  from	  the	  5’	  terminus.	  	  The	  
picornaviruses	  have	  therefore	  evolved	  a	  mechanism	  of	  cap-­‐independent	  translation.	  	  
FMDV	  RNA	  translation	  initiation	  is	  directed	  internally	  under	  the	  direction	  of	  a	  sequence	  of	  
RNA	  known	  as	  the	  IRES	  in	  a	  cap-­‐independent	  manner	  [116-­‐118].	  	  The	  FMDV	  IRES	  is	  
located	  between	  the	  cre	  and	  the	  ORF	  and	  is	  composed	  of	  a	  series	  of	  highly	  conserved	  
stem-­‐loop	  structures.	  	  The	  role	  of	  the	  IRES	  is	  described	  in	  more	  detail	  in	  the	  “FMDV	  
replication	  cycle”.	  	  
	  
1.6.2	  The	  3’	  UTR	  
The	  3’	  UTR	  of	  FMDV	  RNA	  contains	  two	  components,	  a	  short	  stretch	  of	  heterogenous	  
sequence	  approximately	  100	  nt	  that	  folds	  into	  a	  specific	  stem-­‐loop	  structure	  [119]	  and	  a	  
poly(A)	  tail	  of	  variable	  length	  [120].	  Although	  little	  is	  known	  about	  the	  FMDV	  3’	  UTR	  it	  is	  
known	  that	  deletion	  of	  the	  heterogenous	  region	  abrogates	  infectivity	  [121].	  	  The	  3’	  UTR	  
appears	  to	  play	  an	  important	  role	  in	  FMDV	  replication	  as	  it	  has	  been	  shown	  to	  interact	  
with	  picornaviral	  proteins	  involved	  in	  RNA	  replication	  [122-­‐124].	  	  The	  FMDV	  3’	  UTR	  may	  
also	  stimulate	  the	  IRES	  [125].	  	  The	  function	  of	  the	  two	  stem-­‐loop	  structures	  is	  not	  fully	  
understood,	  however	  it	  has	  been	  suggested	  that	  they	  may	  have	  a	  stimulatory	  effect	  on	  
IRES-­‐mediated	  translation	  [125-­‐127].	  	  Deletion	  of	  the	  first	  loop	  has	  been	  shown	  to	  have	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no	  effect	  on	  virus	  infectivity,	  whereas	  the	  second	  loop	  was	  shown	  to	  be	  essential	  for	  
infectivity	  [126].	  	  This	  suggests	  that	  stem-­‐loop	  2	  is	  required	  for	  RNA	  synthesis,	  whereas	  
stem-­‐loop	  1	  may	  simply	  be	  a	  replication	  enhancer.	  	  	  
The	  poly(A)	  binding	  protein	  (PABP)	  binds	  to	  the	  tail	  of	  the	  FMDV	  genome,	  and	  may	  serve	  
to	  circularize	  the	  RNA	  as	  it	  can	  simultanouesly	  bind	  to	  the	  translation	  initiation	  factor	  
eIF4G	  (that	  binds	  to	  the	  IRES)	  and	  to	  poly(rC)	  binding	  protein	  2	  which	  also	  binds	  the	  IRES	  
and	  presumably	  the	  poly(C)	  tract	  [128].	  The	  circularization	  of	  the	  viral	  RNA	  may	  serve	  to	  
improve	  translation	  efficiency,	  and	  is	  an	  event	  required	  for	  RNA	  replication	  in	  PV	  [88].	  
	  
1.7	  The	  Picornavirus	  infectious	  cycle	  
From	  attachment	  of	  virions	  to	  the	  cell	  surface,	  to	  the	  release	  of	  newly	  formed	  virions,	  the	  
life	  cycle	  of	  a	  picornavirus	  is	  relatively	  fast.	  	  The	  entire	  infectious	  cycle	  is	  completed	  in	  
roughly	  8	  hours.	  	  The	  following	  chapter	  describes	  the	  replication	  cycle	  of	  picornaviruses.	  	  
As	  there	  are	  gaps	  in	  the	  knowledge	  of	  the	  FMDV	  infectious	  cycle,	  studies	  using	  other	  
picornaviruses	  are	  cited.	  	  The	  FMDV	  infectious	  cycle	  is	  summarized	  in	  Figure	  1.5.	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Figure	  1.5.	  Overview	  of	  the	  FMDV	  lifecycle	  within	  a	  single	  cell.	  
	  
FMDV	  attaches	  to	  a	  receptor	  (integrin	  αvβ6)	  and	  is	  internalised	  via	  clathrin-­‐mediated	  endocytosis.	  	  The	  virus	  traffics	  
to	  early	  endosomes	  where	  the	  acidic	  pH	  causes	  capsid	  dissociation	  and	  genome	  delivery	  to	  the	  cytosol.	  	  The	  viral	  RNS	  
genome	  (vRNA)	  initiates	  viral	  protein	  translation	  and	  RNA	  replication.	  	  Nascent	  virions	  assemble	  and	  are	  released.	  	  
(Adapted	  from	  Belsham,	  2009	  [7])	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1.7.1	  Cell	  attachment	  and	  entry	  
In	  order	  to	  initiate	  infection,	  a	  picornavirus	  must	  first	  gain	  entry	  to	  a	  cell.	  	  Picornaviruses	  
have	  evolved	  to	  use	  a	  wide	  repertoire	  of	  cell	  attachment	  factors	  and	  receptors	  for	  
binding.	  	  FMDV	  binds	  to	  four	  classes	  of	  integrins	  via	  the	  Arg-­‐Gly-­‐Asp	  (RGD)	  motif	  located	  
on	  the	  apex	  of	  the	  mobile	  VP1	  G-­‐H	  loop;	  αvβ1,	  αvβ3,	  αvβ6,	  and	  αvβ8	  [129-­‐132].	  	  The	  FMD	  
virus	  particle	  is	  then	  internalised	  via	  clathrin-­‐mediated	  endocytosis	  and	  delivered	  to	  early	  
or	  recycling	  endosomes	  where	  a	  low	  pH	  triggers	  capsid	  dissociation	  and	  genome	  
translocation	  to	  the	  cytosol	  (see	  picornavirus	  entry).	  	  	  
	  
1.7.2	  Translation	  Initiation	  
A	  unique	  feature	  about	  picornavirus	  RNA	  is	  that	  it	  is	  infectious	  and	  no	  viral	  proteins	  are	  
required	  to	  initiate	  the	  virus	  replication	  [133].	  	  The	  entire	  replication	  process	  occurs	  
within	  the	  cytosol,	  and	  the	  viral	  RNA	  encodes	  everything	  the	  virus	  needs	  for	  replication.	  	  
Many	  picornaviruses	  shut-­‐down	  host	  cell	  replication	  in	  order	  to	  produce	  a	  favourable	  
environment	  for	  viral	  replication.	  	  	  Normally	  cellular	  RNAs	  direct	  translation	  initiation	  via	  
the	  assembly	  of	  the	  replication	  machinery	  at	  the	  5’	  cap	  structure	  (m7Gppp).	  	  The	  pre-­‐
initiation	  complex	  (consisting	  of	  the	  40S	  ribosomal	  subunit,	  tRNA	  and	  other	  protein	  
factors)	  assembles	  at	  this	  cap	  structure	  and	  scans	  down	  the	  ORF	  until	  a	  start	  codon	  is	  
found.	  	  Some	  viruses,	  such	  as	  the	  caliciviruses,	  have	  evolved	  novel	  cap	  analogues	  that	  are	  
covalently	  linked	  to	  the	  5’	  end	  of	  the	  genome	  and	  are	  termed	  VPg	  [134].	  	  These	  cap	  
analogues	  direct	  replication	  by	  recruiting	  translation	  initiation	  factors	  [135].	  	  FMDV	  
contains	  VPg	  (3B)	  covalently	  bound	  to	  the	  5’	  end	  of	  its	  genome	  however	  it	  is	  not	  involved	  
with	  translation	  initiation	  and	  is	  rapidly	  lost	  within	  the	  cell	  [136].	  	  Instead,	  the	  5’	  UTRs	  of	  
FMDV	  and	  other	  picornaviruses	  contain	  a	  highly	  structured	  sequence	  that	  contains	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several	  stem-­‐loop	  structures	  called	  the	  internal	  ribosome	  entry	  site	  (IRES),	  and	  also	  
because	  the	  start	  codon	  is	  approximately	  800nts	  from	  the	  5’	  UTR.	  	  The	  IRES	  is	  
approximately	  450nts	  long	  and	  directs	  cap-­‐independent	  internal	  initiation	  of	  protein	  
synthesis	  in	  a	  manner	  that	  is	  mechanistically	  very	  different	  to	  cap	  directed	  initiation.	  	  	  
During	  the	  early	  stages	  of	  FMDV	  infection	  eIF4G	  is	  cleaved	  by	  L	  protease,	  which	  cleaves	  at	  
the	  C-­‐terminal	  fragment	  where	  the	  binding	  sites	  for	  eIF3	  and	  eIF4A	  are	  located	  [137].	  	  
This	  shuts	  down	  host	  cap-­‐dependent	  translation,	  however	  the	  cleaved	  form	  of	  eIF4G	  can	  
still	  be	  utilised	  to	  stimulate	  IRES	  dependent	  translation	  [138].	  	  Cellular	  factors	  eIF3a	  and	  
eIF3b	  are	  also	  inhibited	  during	  the	  early	  stages	  of	  infection,	  whereas	  poly(A)	  binding	  
protein	  (PABP)	  and	  polypyrimidine	  tract-­‐binding	  protein	  (PTB)	  are	  inhibited	  during	  the	  
later	  stages	  [139].	  	  The	  presence	  of	  the	  IRES	  allows	  picornaviruses	  to	  disrupt	  host-­‐cell	  RNA	  
translation	  without	  compromising	  viral	  protein	  synthesis.	  	  
There	  are	  four	  different	  classes	  of	  picornavirus	  IRES	  that	  vary	  by	  sequence,	  structure,	  and	  
in	  some	  biological	  properties.	  	  The	  FMDV	  IRES	  is	  a	  type	  II	  IRES	  [140],	  and	  is	  able	  to	  directly	  
recruit	  translation	  initiation	  complexes	  using	  the	  40S	  ribosomal	  subunit	  and	  other	  
initiation	  factors	  such	  as	  eIF4G	  to	  form	  a	  48S	  complex.	  This	  complex	  then	  scans	  towards	  
the	  3’	  end	  until	  one	  of	  the	  initiation	  codons	  is	  reached;	  the	  Lab	  start	  site	  (AUG1)	  or	  the	  Lb	  
start	  site	  (AUG2).	  	  Most	  ribosomes	  reach	  the	  second	  (major)	  start	  codon	  [140].	  	  
	  
1.7.3	  Polyprotein	  translation	  I	  –	  Primary	  Cleavage	  events	  
The	  polyprotein	  encoding	  portion	  of	  the	  FMDV	  genome	  accounts	  for	  approximately	  
7000nts	  and	  produces	  a	  polyprotein	  of	  approximately	  2330	  amino-­‐acids.	  	  The	  full-­‐length	  
polyprotein	  is	  never	  observed	  in	  infected	  cells	  or	  during	  in	  vitro	  translation	  as	  it	  is	  
subjected	  to	  rapid	  post-­‐translational	  cleavage	  by	  viral	  proteases	  present	  within	  the	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polyprotein	  sequence.	  	  The	  polyprotein	  and	  its	  products	  are	  shown	  in	  Figure	  1.6.	  	  
Picornaviruses	  encode	  three	  proteases;	  2A,	  3C	  and	  L,	  and	  3CD	  also	  has	  catalytic	  activity.	  	  
In	  comparison	  with	  most	  other	  picornaviruses,	  FMDV	  encodes	  a	  leader	  (L)	  protease,	  and	  
2A	  has	  no	  true	  proteolytic	  activity.	  	  These	  proteases	  process	  the	  polypeptide	  into	  mature	  
viral	  proteins,	  and	  also	  cleave	  host	  cell	  proteins	  in	  order	  to	  shut	  down	  host	  transcription	  
and	  cap-­‐dependent	  translation.	  	  There	  are	  two	  primary	  cleavage	  events	  during	  translation	  
of	  the	  FMDV	  polyprotein.	  	  	  
The	  first	  involves	  L	  protease	  (Lpro).	  	  L	  protease	  is	  cis	  acting	  and	  cleaves	  itself	  from	  the	  
forming	  polypeptide,	  and	  also	  cleaves	  host	  eIF4G	  to	  shut	  down	  cap-­‐dependent	  
translation.	  	  The	  Leader	  (L)	  protein	  of	  aphthoviruses	  belongs	  to	  the	  papain-­‐like	  cysteine	  
proteases	  and	  is	  genetically	  different	  to	  other	  picornavirus	  protease	  sequences.	  	  As	  
mentioned	  above,	  leader	  protease	  is	  encoded	  by	  two	  in	  frame	  AUG	  start-­‐codons	  which	  
results	  in	  translation	  of	  two	  forms	  of	  L	  protease;	  Lab	  or	  Lb.	  	  Both	  Lab	  and	  Lb	  self-­‐cleave	  
the	  L/P1	  junction	  which	  releases	  it	  from	  the	  rest	  of	  the	  molecule	  [141].	  	  Lab	  and	  Lb	  cleave	  
host	  factor	  eIF4G,	  which	  is	  a	  component	  of	  the	  cap-­‐binding	  complex	  eIF4F,	  consequently	  
shutting	  down	  cap-­‐dependent	  translation	  and	  almost	  all	  host-­‐cell	  protein	  synthesis	  [141,	  
142].	  
The	  second	  occurs	  at	  the	  C-­‐terminus	  of	  2A	  and	  the	  N-­‐terminus	  of	  2B.	  	  However	  rather	  
than	  being	  a	  proteolytic	  event,	  this	  is	  believed	  to	  be	  mediated	  by	  a	  ribosomal	  “skip”	  from	  
one	  codon	  to	  the	  next	  with	  no	  peptide	  bond	  being	  formed	  [143].	  	  FMDV	  2A	  is	  only	  18	  aa	  
long,	  and	  rather	  than	  being	  a	  autoproteolytic	  element,	  has	  been	  shown	  to	  mediate	  a	  
ribosomal	  ‘skip’	  in	  translation	  that	  causes	  the	  cleavage	  of	  2A-­‐2B	  [143-­‐145].	  	  A	  proposed	  
model	  of	  the	  2A	  cleavage	  was	  described	  by	  Donnelly	  et	  al	  where	  the	  2A	  oligopeptide	  
sequence	  is	  described	  as	  promoting	  the	  hydrolysis	  of	  the	  peptidyl-­‐tRNA	  ester	  linkage	  at	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the	  C	  terminus	  of	  2A	  [143].	  	  The	  third	  primary	  cleavage	  occurs	  between	  2C	  and	  3A	  and	  is	  
mediated	  by	  3C	  proteinase.	  	  The	  result	  is	  four	  products	  from	  the	  polyprotein;	  Lpro,	  capsid	  
protein	  precursor	  (P1-­‐2A),	  and	  the	  proteins	  precursors	  involved	  with	  replication	  (P2	  i.e.	  
2BC)	  and	  (P3).	  	  
	  	  	  
	  
Figure	  1.6.	  Synthesis	  of	  foot-­‐and-­‐mouth	  disease	  virus	  proteins.	  
	  
The	  virion	  RNA	  acts	  as	  messenger	  RNA	  and	  is	  denoted	  by	  the	  solid	  line	  at	  the	  top.	  	  Encoded	  proteins	  are	  denoted	  by	  
the	  boxes	  below.	  	  The	  FMDV	  genome	  is	  approximately	  8.5kb	  long	  and	  has	  VPg	  (3B)	  covalently	  linked	  at	  the	  5’	  end.	  	  
Cn	  denotes	  poly(C)	  and	  An	  denotes	  poly(A)	  tail.	  Cap-­‐independent	  translation	  is	  directed	  by	  the	  IRES	  at	  either	  of	  the	  
arrowed	  positions	  to	  produce	  single	  polyprotein.	  	  The	  viral	  polyprotein	  contains	  proteases	  (L,	  2A	  and	  S3)	  that	  cleave	  
at	  sites	  indicated	  by	  arrows.	  	  	  The	  polyprotein	  products	  from	  P1	  form	  the	  structure	  of	  the	  capsid,	  whereas	  the	  P2	  and	  
P3	  proteins	  are	  involved	  in	  viral	  translation	  and	  replication.	  
(Adapted	  from	  Belsham	  et	  al,	  2009	  [7])	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1.7.4	  Polyprotein	  translation	  II	  –	  Secondary	  cleavage	  events	  
Secondary	  cleavage	  events	  are	  mediated	  by	  3C	  viral	  protease	  and	  its	  precursor	  3CD,	  
which	  produce	  the	  important	  factors	  involved	  in	  protein	  processing	  and	  viral	  replication.	  	  
NSP	  3C	  self-­‐cleaves	  from	  the	  P3	  precursor	  protein,	  and	  has	  a	  structure	  similar	  to	  that	  of	  
serine-­‐protease	  chymotrypsin	  [146,	  147].	  	  After	  self-­‐cleavage,	  3C	  mediates	  further	  
processing	  of	  the	  P1-­‐2A	  region	  into	  the	  structural	  proteins	  (VP0,	  VP3	  and	  VP1),	  and	  the	  
2BC,	  and	  P3	  precursors	  into	  proteins	  associated	  with	  replication.	  	  The	  3C	  precursor	  3CD	  
also	  has	  proteolytic	  activity	  as	  processing	  of	  the	  capsid	  precursor	  P1-­‐2A	  has	  been	  shown	  
to	  occur	  more	  efficiently	  with	  3CD	  than	  with	  3C	  [148].	  	  The	  3CD	  protein	  also	  has	  roles	  in	  
RNA	  replication	  which	  are	  described	  below.	  	  In	  addition	  to	  cleaving	  the	  viral	  polyprotein,	  
3C	  has	  been	  shown	  to	  cleave	  a	  number	  of	  host	  cell	  proteins.	  	  This	  includes	  poly(A)	  binding	  
protein	  in	  poliovirus	  infection,	  which	  may	  inhibit	  translation	  by	  disrupting	  3’	  poly(A)	  tail-­‐
dependent	  translational	  activity	  [149],	  and	  host	  proteins	  	  involved	  with	  RNA	  polymerase	  I,	  
II,	  and	  III	  transcription	  (reviewed	  by	  Dasgupta)	  [150].	  	  In	  PV	  infection,	  3C	  cleaves	  TFIIIC,	  a	  
transcription	  factor	  required	  for	  pol	  III	  transcription	  initiation.	  	  This	  prevents	  the	  
recruitment	  of	  TFIIIB	  and	  RNA	  pol	  III	  to	  the	  start	  site	  by	  inactivating	  the	  TFIIIC-­‐DNA	  
complex	  (reviewed	  by	  Chase	  and	  Semler	  [151]).	  	  Disrupting	  the	  synthesis	  of	  cellular	  
mRNAs	  leads	  to	  a	  cytoplasmic	  reduction	  in	  mRNA,	  which	  allows	  the	  picornavirus	  RNA	  to	  
out-­‐compete	  the	  cellular	  mRNA	  for	  RNA-­‐binding	  proteins	  that	  are	  required	  for	  efficient	  
translation	  and	  replication.	  	  
	  
1.7.5	  Function	  of	  viral	  proteins	  involved	  with	  RNA	  replication	  I	  –	  The	  P2	  proteins	  
The	  P2	  precursor	  and	  its	  cleaved	  products,	  2B	  and	  2C,	  are	  involved	  in	  protein	  processing,	  
rearrangement	  of	  host-­‐cell	  membranes,	  and	  RNA	  replication.	  	  	  As	  mentioned	  above,	  in	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FMDV	  2A	  is	  non-­‐proteolytic	  however	  in	  some	  picornaviruses	  (such	  as	  the	  enteroviruses)	  
2A	  has	  proteolytic	  activity	  and	  plays	  a	  role	  in	  initial	  polyprotein	  processing	  and	  RNA	  
replication.	  	  Coxsackievirus	  2B	  has	  been	  shown	  to	  increase	  membrane	  permeability	  that	  is	  
thought	  to	  be	  important	  in	  virus	  release	  during	  the	  late	  stages	  of	  infection,	  as	  viruses	  
carrying	  2B	  mutations	  showed	  defective	  release	  [152].	  In	  addition,	  Poliovirus	  (PV)	  2B	  also	  
interferes	  with	  transport	  of	  plasma	  membrane	  and	  secretory	  proteins,	  [153],	  and	  has	  
been	  shown	  to	  be	  necessary	  for	  PV	  replication	  by	  possibly	  playing	  a	  structural	  role	  in	  viral	  
replication	  complexes	  [154].	  	  PVs	  with	  mutations	  in	  the	  2B	  protein	  exhibited	  a	  smaller	  
plaque	  phenotype	  and	  had	  defective	  viral	  RNA	  synthesis	  [154].	  	  Viral	  protein	  2C	  and	  its	  
precursor	  2BC	  are	  involved	  with	  the	  extensive	  rearrangement	  of	  intracellular	  membranes	  
and	  the	  generation	  of	  vesicles	  where	  viral	  RNA	  replication	  occurs	  [155,	  156].	  	  Cells	  
expressing	  2C	  and	  2BC	  exhibit	  vesicles	  50-­‐350nm	  in	  diameter,	  which	  resemble	  those	  in	  
PV-­‐infected	  cells	  [155].	  	  2C	  of	  multiple	  different	  picornaviruses	  also	  binds	  to	  the	  3’	  UTR	  
which	  suggests	  that	  it	  is	  required	  for	  viral	  RNA	  synthesis	  [157,	  158].	  	  2C	  may	  possibly	  
mediate	  initiation	  of	  negative	  strand	  viral	  RNA	  synthesis	  [158],	  as	  incubation	  of	  HeLa	  S10	  
extracts	  with	  2mM	  guanidine	  HCL	  (a	  reversible	  inhibitor	  of	  2C)	  inhibited	  initiation	  of	  
negative	  stranded	  RNA	  synthesis	  but	  not	  the	  elongation	  of	  negative-­‐	  or	  positive-­‐stranded	  
molecules	  [159].	  	  2C	  has	  been	  reported	  to	  have	  motifs	  that	  are	  structurally	  similar	  to	  RNA	  
helicases	  and	  that	  overlap	  a	  binding	  site	  for	  double-­‐stranded	  RNA	  [160].	  Although	  
helicase	  activity	  has	  not	  been	  directly	  observed,	  ATPase	  activity	  has	  [161,	  162].	  
	  
1.7.6	  Function	  of	  viral	  proteins	  involved	  with	  RNA	  replication	  I	  –	  The	  P3	  proteins	  
The	  viral	  P3	  proteins	  play	  roles	  in	  subverting	  the	  immune	  response	  and	  in	  viral	  RNA	  
replication.	  	  FMDV	  3A	  is	  different	  from	  other	  picornaviruses	  as	  it	  is	  approximately	  50%	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longer	  than	  PV	  3A,	  and	  FMDV	  also	  contains	  three	  copies	  of	  3B	  (VPg)	  opposed	  to	  one	  copy	  
that	  the	  majority	  of	  other	  picornaviruses	  have.	  	  3A	  contains	  a	  hydrophobic	  domain	  that	  
causes	  it	  to	  associate	  with	  intracellular	  membranes	  [163],	  and	  has	  multiple	  roles.	  	  In	  
poliovirus	  3A	  mediates	  interactions	  between	  the	  RNA	  replication	  complex	  and	  
intracellular	  membranes	  [164,	  165],	  it	  has	  also	  been	  shown	  to	  cofractionate	  with	  ER	  
markers	  [166],	  disrupt	  the	  secretory	  apparatus	  [167],	  and	  cause	  a	  decrease	  of	  MHC	  class	  I	  
expression	  [168].	  	  The	  latter	  is	  thought	  to	  aid	  evasion	  of	  the	  immune	  response.	  	  3B	  (VPg),	  
is	  covalently	  linked	  to	  the	  5’	  end	  of	  positive-­‐	  and	  negative-­‐sensed	  viral	  RNA,	  and	  acts	  as	  a	  
primer	  for	  RNA	  replication	  (see	  below).	  	  3A	  and	  3B	  appear	  to	  be	  important	  for	  host	  range	  
and	  virulence.	  	  A	  type	  O	  virus	  with	  a	  3A	  truncation	  showed	  an	  enhanced	  ability	  to	  grow	  in	  
porcine	  cells	  [169],	  but	  was	  attenuated	  for	  infection	  in	  cattle	  [170].	  	  Furthermore,	  
mutants	  viruses	  that	  contained	  a	  single	  copy	  of	  3B	  (VPg)	  were	  attenuated	  in	  porcine	  cells,	  
only	  produced	  mild	  disease	  in	  swine,	  and	  grew	  poorly	  in	  bovine	  cells,	  indicating	  that	  the	  
copy	  number	  of	  VPg	  is	  important	  for	  virulence	  [171].	  	  	  
The	  3A	  and	  3B	  precursor;	  3AB	  has	  also	  been	  shown	  to	  have	  multiple	  functions.	  	  3AB	  is	  
presumed	  to	  anchor	  3B	  in	  intracellular	  de	  novo	  membranes	  produced	  during	  the	  early	  
stages	  of	  RNA	  replication,	  and	  is	  the	  site	  where	  the	  synthesis	  of	  nascent	  viral	  RNAs	  is	  
primed	  by	  3B	  uridylylation	  [85,	  172-­‐174].	  	  3AB	  also	  associates	  with	  membranes	  in	  PV	  
replication	  complexes.	  	  It	  has	  been	  shown	  to	  have	  non-­‐specific	  RNA-­‐binding	  activity,	  
where	  it	  associates	  with	  the	  5’	  cloverleaf	  structure	  along	  with	  the	  3CD	  precursor	  to	  form	  
a	  ribonucleoprotein	  complex	  that	  mediates	  synthesis	  of	  PV	  RNA,	  as	  well	  as	  stimulating	  
self-­‐cleavage	  of	  3CD	  [89,	  175,	  176].	  	  	  
Viral	  protein	  3D,	  is	  a	  RNA-­‐dependent	  RNA	  polymerase	  and	  mediates	  3B	  (VPg)	  
uridylylation	  and	  RNA	  chain	  elongation.	  	  Picornavirus	  3D	  polymerase	  does	  not	  have	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proofreading	  activity	  and	  is	  error-­‐prone,	  incorporating	  1-­‐2	  nucleotide	  errors	  per	  
replication	  cycle	  [177-­‐179].	  	  This	  high	  error	  rate	  is	  believed	  to	  contribute	  to	  the	  quasi-­‐
species	  nature	  of	  FMDV	  and	  high	  mutation	  rates,	  which	  in	  turn	  may	  aid	  virus	  evolution	  
and	  fitness.	  	  
	  
1.7.7	  Picornavirus	  RNA	  replication	  I	  –	  The	  switch	  from	  translation	  to	  replication	  	  
Once	  viral	  protein	  synthesis	  has	  reached	  peak	  expression	  levels,	  viral	  and	  cellular	  factors	  
form	  membrane	  bound	  replication	  complexes	  that	  act	  as	  sites	  of	  RNA	  replication,	  and	  
prime	  the	  RNA	  for	  replication.	  	  Most	  positive	  strand	  viruses	  have	  a	  problem	  insofar	  as	  the	  
positive	  strand	  template	  must	  act	  as	  a	  template	  for	  translation	  and	  for	  negative	  strand	  
RNA	  synthesis.	  	  It	  is	  not	  fully	  understood	  how	  the	  switch	  from	  translation	  to	  RNA	  
replication	  is	  mediated,	  but	  it	  is	  known	  that	  translation	  of	  viral	  RNA	  must	  first	  be	  
terminated	  before	  synthesis	  of	  negative-­‐strand	  RNA	  can	  begin	  as	  translating	  ribosomes	  
can	  inhibit	  3D-­‐dependent	  RNA	  replication	  [180,	  181].	  	  Although	  translation	  initiates	  at	  the	  
5’	  end	  and	  occurs	  in	  a	  5’-­‐3’	  direction,	  RNA-­‐dependent	  RNA	  polymerase	  (3D)	  initiates	  
transcription	  at	  the	  3’	  end	  and	  travels	  in	  a	  3’-­‐5’	  direction.	  	  It	  is	  believed	  that	  the	  switch	  
from	  translation	  to	  RNA	  replication	  is	  caused	  by	  the	  accumulation	  of	  3C	  and	  3CD	  during	  
the	  mid	  to	  late	  stages	  of	  infection.	  3C	  and	  3CD	  then	  modulate	  the	  cleavage	  of	  IRES-­‐
transacting	  factors	  (ITAFs)	  such	  as	  poly(rC)	  binding	  protein	  2	  (PCBP2)	  and	  polypyrimidine	  
tract-­‐binding	  protein	  (PTB).	  	  PCBP2	  and	  PTB	  have	  been	  shown	  to	  function	  in	  IRES-­‐
dependent	  translation,	  and	  PTB	  has	  been	  shown	  to	  enhance	  cap-­‐independent/IRES-­‐
dependent	  translation	  [182-­‐184].	  	  The	  cleavage	  of	  these	  factors	  by	  the	  increasing	  
concentrations	  of	  3C	  and	  3CD	  is	  believed	  to	  inhibit	  IRES-­‐dependent	  translation	  as	  
ribosomes	  are	  no	  longer	  recruited	  to	  positive	  stranded	  RNA	  templates.	  	  However,	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negative	  stranded	  synthesis	  can	  still	  occur	  as	  the	  replication	  complex	  forming	  and	  RNA	  
binding	  properties	  of	  PCBP1/2	  are	  retained	  post-­‐cleavage	  [185].	  	  As	  a	  consequence	  of	  
these	  cleavages	  it	  is	  believed	  that	  translating	  ribosomes	  can	  be	  cleared	  from	  the	  positive	  
strand	  templates,	  which	  then	  allows	  negative	  strand	  synthesis	  to	  initiate	  unimpeded	  by	  
ribosomes.	  	  
	  
1.7.8	  Picornavirus	  RNA	  replication	  II	  –	  Positive	  and	  negative	  strand	  elongation	  
To	  synthesise	  positive	  stranded	  RNA,	  negative	  stranded	  RNA	  must	  first	  be	  synthesized	  
which	  functions	  as	  the	  template	  for	  new	  positive	  stranded	  infectious	  genomes.	  	  
Secondary	  structures	  within	  the	  5’	  UTR	  are	  thought	  to	  aid	  replication.	  	  For	  example,	  in	  
rhinoviruses	  and	  enteroviruses	  the	  5’	  cloverleaf	  structure	  has	  been	  shown	  to	  bind	  3CD	  
and	  PCBP	  [90,	  91,	  186].	  	  Cellular	  protein	  PABP,	  which	  is	  bound	  at	  the	  3’	  UTR,	  then	  
interacts	  with	  PCBP2	  and	  3CD	  that	  are	  bound	  to	  the	  5’	  cloverleaf	  and	  causes	  
circularization	  of	  the	  genome	  [87,	  88].	  	  This	  allows	  the	  5’	  and	  3’	  ends	  of	  the	  genome	  to	  
interact	  with	  one	  another	  to	  aid	  replication	  initiation.	  	  Virus	  RNA	  replication	  is	  asymmetric	  
as	  a	  much	  greater	  quantity	  of	  positive	  stranded	  genomes	  are	  produced	  than	  negative	  
stranded	  genomes.	  	  	  
To	  begin	  the	  process	  of	  negative	  stranded	  genome	  production,	  VPg	  (3B)	  is	  uridylylated	  at	  
the	  5’	  end	  of	  the	  positive	  stranded	  RNA	  genome.	  	  Although	  all	  three	  copies	  of	  FMDV	  VPg	  
can	  be	  uridylylated,	  the	  reaction	  is	  most	  efficient	  with	  the	  third	  copy.	  	  VPg	  acts	  as	  a	  
primer	  for	  RNA	  synthesis,	  which	  acts	  as	  a	  binding	  site	  for	  replication	  proteins,	  and	  
uridylylation	  occurs	  at	  the	  cre	  (described	  in	  the	  5’	  UTR)	  which	  is	  mediated	  by	  3D	  
polymerase	  [112,	  113,	  187,	  188].	  	  However	  it	  has	  been	  suggested	  that	  in	  negative	  strand	  
RNA	  the	  site	  of	  VPg	  uridylylation	  and	  replication	  initiation	  may	  be	  the	  3’	  poly(A)	  tract	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[189,	  190].	  	  Both	  positive	  and	  negative	  stranded	  viral	  RNA	  have	  VPg	  covalently	  linked	  to	  
the	  5’	  end.	  	  	  
	  
During	  negative	  strand	  synthesis,	  uridylylated	  VPg	  (VPgpUpU)	  is	  used	  as	  a	  primer	  for	  
translation	  initiation	  at	  the	  3’	  poly(A)	  tract	  of	  viral	  RNA,	  and	  the	  viral	  RNA-­‐dependent	  RNA	  
polymerase	  (3D)	  binds	  and	  elongates	  the	  genome	  in	  a	  3’	  –	  5’	  direction.	  	  During	  elongation	  
a	  double	  stranded	  RNA	  intermediate	  is	  formed.	  	  This	  is	  thought	  to	  aid	  the	  production	  of	  
positive	  sensed	  genomes	  by	  bringing	  the	  cre	  element	  close	  to	  the	  site	  of	  VPg	  uridylylation	  
and	  initiation.	  	  The	  nascent	  negative	  strand	  genomes	  then	  act	  as	  templates	  for	  the	  
production	  of	  a	  large	  amount	  of	  positive	  stranded	  genomes.	  	  	  
Positive-­‐strand	  RNA	  synthesis	  is	  believed	  to	  begin	  with	  the	  uridylylation	  of	  VPg	  which	  
occurs	  at	  the	  cre	  (see	  above).	  	  Replication	  initiation	  then	  begins	  at	  the	  3’	  end	  of	  the	  
negative	  strand	  RNA	  intermediate,	  where	  secondary	  and	  tertiary	  structure	  may	  be	  
unwound.	  	  This	  unwinding	  may	  be	  mediated	  by	  2C,	  which	  has	  been	  shown	  to	  have	  
ATPase	  activity	  and	  structures	  similar	  to	  RNA	  helicases	  (see	  above).	  	  The	  viral	  polymerase	  
3D	  may	  also	  have	  helicase	  activity	  as	  it	  has	  been	  shown	  to	  unwind	  double-­‐stranded	  RNA	  
[191].	  	  The	  newly	  made	  RNA	  can	  be	  used	  as	  mRNA	  for	  translation,	  or	  encapsidated	  into	  a	  
viral	  capsid.	  	  
	  
1.7.9	  Picornavirus	  RNA	  replication	  III	  –	  The	  site	  of	  RNA	  replication	  
Infection	  by	  FMDV	  or	  other	  picornaviruses	  causes	  major	  rearrangements	  of	  intracellular	  
membranes	  in	  tissue	  culture	  cells,	  creating	  vesicular	  structures	  where	  genome	  replication	  
occurs	  [192].	  	  The	  precise	  role	  of	  membranous	  structures	  in	  picornavirus	  is	  not	  currently	  
known,	  but	  it	  is	  believed	  they	  may	  act	  as	  a	  scaffold	  for	  viral	  translation	  and	  RNA	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replication	  to	  occur	  on.	  	  Many	  viral	  NSPs	  contain	  membrane	  localisation	  signals,	  which	  
may	  serve	  to	  anchor	  viral	  proteins	  to	  the	  membranes	  in	  order	  to	  enhance	  the	  efficiency	  
of	  replication.	  	  In	  FMDV,	  the	  majority	  of	  the	  induced	  vesicles	  have	  a	  single	  membrane,	  
and	  the	  infected	  cells	  are	  characterized	  by	  a	  dramatic	  condensation	  of	  the	  cytoplasmic	  
contents	  to	  a	  particular	  area	  of	  the	  cell	  [193].	  	  This	  is	  located	  on	  one	  side	  of	  the	  cell	  
nucleus,	  and	  these	  complexes	  contain	  cellular	  and	  viral	  RNA	  and	  proteins.	  	  Alterations	  are	  
seen	  in	  the	  cellular	  organelles.	  	  For	  example,	  the	  rER	  becomes	  distorted	  and	  fragmented,	  
and	  the	  nuclear	  membrane	  becomes	  dilated	  and	  extends	  into	  the	  cytoplasm.	  	  Free	  
ribosomes	  and	  rER	  bound-­‐Ribosomes	  are	  lost	  and	  collect	  in	  the	  replication	  site,	  and	  
during	  mid-­‐phase	  infection	  are	  seen	  to	  collect	  in	  long-­‐chains	  of	  which	  their	  function	  is	  
unknown.	  	  In	  addition,	  the	  Golgi	  structure	  loses	  its	  organisation.	  	  	  The	  membrane	  bound-­‐
vesicles	  increase	  within	  the	  replication	  site	  as	  infection	  progresses	  to	  the	  late	  stage.	  	  	  
	  
In	  comparison,	  poliovirus	  replication	  occurs	  in	  association	  with	  cell	  endomembranes	  
recruited	  during	  infection	  [194].	  	  Poliovirus	  replication	  membranes	  tend	  to	  be	  more	  
numerous	  in	  double	  membranes,	  and	  are	  more	  tightly	  clustered	  [195,	  196].	  	  The	  
mechanisms	  as	  to	  how	  picornaviruses	  exploit	  host	  cell	  machinery	  in	  order	  to	  manufacture	  
membranous	  replication	  complexes	  are	  complex	  and	  not	  fully	  understood.	  	  It	  was	  
originally	  thought	  that	  picornaviruses	  would	  exploit	  a	  pre-­‐existing	  cellular-­‐membrane	  
shaping	  pathway	  to	  generate	  replication	  organelles.	  	  However	  recent	  studies	  have	  
revealed	  that	  viruses	  may	  be	  able	  to	  hijack	  cellular	  factors	  and	  use	  them	  in	  ways	  that	  are	  
very	  different	  to	  their	  normal	  function.	  	  In	  addition,	  picornaviruses	  may	  modify	  lipid	  
biosynthetic	  pathways,	  and	  have	  been	  shown	  to	  change	  cholesterol	  trafficking	  and	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phospholipid	  biosynthesis.	  	  Thus	  it	  appears	  that	  viruses	  exploit	  and	  re-­‐wire	  existing	  
pathways	  for	  their	  own	  gain	  (reviewed	  by	  Belov	  and	  Sztul	  [197]).	  	  
	  
1.7.10	  Morphogenesis	  -­‐	  Particle	  assembly,	  maturation	  and	  release	  
Morphogenesis	  of	  picornaviruses	  is	  the	  least-­‐understood	  part	  of	  the	  life-­‐cycle,	  and	  most	  
of	  the	  available	  evidence	  has	  been	  gathered	  from	  studies	  using	  PV.	  	  In	  enteroviruses,	  the	  
first	  step	  of	  morphogenesis	  involves	  the	  capsid	  precursor	  P1	  being	  separated	  from	  the	  
rest	  of	  the	  polyprotein	  by	  co-­‐translational	  cleavage	  (in	  FMDV	  this	  occurs	  as	  a	  translational	  
“skip”,	  see	  above).	  	  The	  N-­‐terminal	  glycine	  of	  P1	  is	  modified	  by	  covalent	  linkage	  to	  
myristic	  acid	  [198,	  199],	  and	  then	  associates	  with	  heat-­‐shock	  protein	  90	  (Hsp90)	  which	  
enables	  it	  to	  attain	  a	  conformation	  suitable	  for	  processing	  [200,	  201].	  	  The	  P1	  protein	  is	  
then	  cleaved	  by	  viral	  3CDpro	  into	  VP0,	  VP3	  and	  VP1,	  and	  the	  dissociated	  proteins	  
dissociate	  from	  Hsp90	  [200,	  202].	  	  VP0,	  VP3	  and	  VP1	  immediately	  and	  spontaneously	  go	  
on	  to	  assemble	  into	  a	  5S	  protomer,	  which	  is	  one	  of	  the	  building	  blocks	  of	  the	  capsid.	  	  Five	  
protomers	  then	  assemble,	  forming	  a	  14S	  pentamer.	  	  This	  process	  has	  been	  shown	  to	  be	  
enhanced	  by	  the	  myristic	  acid	  moiety	  at	  the	  N	  terminus	  of	  the	  P1	  precursor	  (VP4)	  [203,	  
204].	  	  	  
There	  are	  two	  models	  as	  to	  how	  pentamers	  come	  to	  encapsidate	  the	  viral	  RNA.	  	  The	  first	  
proposes	  that	  the	  pentamers	  condense	  around	  the	  viral	  RNA	  to	  form	  a	  provirion,	  the	  
second	  proposes	  that	  the	  pentamers	  first	  assemble	  into	  an	  empty	  capsid	  where	  the	  viral	  
RNA	  is	  later	  inserted	  to	  form	  the	  provirion.	  	  However	  most	  evidence	  appears	  to	  support	  
the	  first	  model	  (reviewed	  by	  Jiang	  et	  al	  2014	  [205]).	  	  	  
The	  next	  step	  is	  the	  production	  of	  the	  provirion.	  	  In	  PV,	  the	  provirion	  consists	  of	  viral	  RNA	  
encapsidated	  in	  an	  immature	  shell	  that	  contains	  VP0,	  VP3	  and	  VP1.	  	  The	  provirion	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sediments	  at	  150S	  and	  particles	  are	  sensitive	  to	  EDTA	  or	  1%	  SDS	  treatment	  which	  causes	  
RNA	  release,	  leaving	  an	  empty	  capsid	  [206,	  207].	  	  The	  encapsidation	  process	  is	  dependent	  
on	  compact	  condensation	  of	  the	  RNA	  genome	  and	  cation-­‐mediated	  neutralisation	  of	  
negatively	  charged	  phosphate	  [208].	  	  During	  particle	  assembly	  empty	  capsids	  can	  form.	  	  
Also	  known	  as	  procapsids,	  empty	  capsids	  sediment	  at	  75S	  in	  sucrose	  gradients,	  contain	  12	  
pentamers,	  but	  no	  encapsidated	  RNA	  [209,	  210].	  	  	  
The	  final	  stage	  in	  picornavirus	  morphogenesis	  is	  the	  production	  of	  the	  mature	  virion,	  
which	  is	  triggered	  by	  the	  cleavage	  of	  VP0	  into	  VP2	  and	  VP4.	  	  This	  causes	  a	  structural	  re-­‐
arrangement	  of	  the	  capsid	  proteins	  into	  a	  stable	  icosahedral	  shape.	  	  In	  contrast	  to	  
provirions,	  mature	  virions	  are	  resistant	  to	  treatment	  by	  EDTA	  and	  SDS.	  	  Although	  VP0	  
cleavage	  is	  an	  efficient	  event,	  in	  PV	  around	  1-­‐2	  VP0	  molecules	  out	  of	  60	  are	  often	  left	  
uncleaved	  [211].	  	  The	  mechanism	  of	  VP0	  cleavage	  is	  believed	  to	  be	  autocatalytic,	  and	  RNA	  
encapsidation	  dependent	  [211,	  212].	  	  The	  mechanism	  is	  thought	  to	  be	  dependent	  on	  a	  
histidine	  (H195)	  of	  VP2,	  which	  is	  conserved	  amongst	  all	  picornaviruses	  (and	  is	  H145	  in	  
FMDV)	  [213],	  activating	  local	  water	  molecules	  leading	  to	  a	  nucleophilic	  attack	  on	  the	  
scissile	  bond	  [213,	  214].	  
	  
1.8	  Mammalian	  Mechanisms	  of	  Endocytosis	  
Endocytosis	  is	  the	  process	  of	  forming	  internal,	  membrane	  bound	  vesicles	  from	  the	  plasma	  
membrane	  lipid	  bilayer.	  	  The	  outer	  surface	  of	  the	  plasma	  membrane	  (PM)	  is	  the	  means	  by	  
which	  a	  cell	  communicates	  with	  its	  environment	  and	  in	  order	  for	  a	  cell	  to	  appropriately	  
respond	  to	  the	  external	  environment	  the	  composition	  of	  the	  PM	  must	  be	  tightly	  
regulated.	  	  During	  endocytosis	  plasma	  membrane	  lipids,	  integral	  proteins,	  and	  
extracellular	  proteins	  (including	  pathogens)	  become	  internalised	  by	  the	  invagination	  of	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the	  plasma	  membrane	  and	  the	  scission	  of	  the	  invagination	  to	  form	  a	  vesicle	  or	  vacuole.	  	  
The	  nascent	  vesicles	  are	  then	  trafficked	  to	  other	  intracellular	  vesicular	  organelles.	  	  	  
Endocytosis	  has	  multiple	  functions;	  for	  example	  in	  removing	  plasma	  membrane	  receptors	  
and	  the	  internalisation	  of	  proteins	  such	  as	  transferrin	  or	  signalling	  molecules.	  	  
Endocytosis	  also	  plays	  a	  part	  in	  intracellular	  signalling	  cascades	  [215],	  mitosis,	  antigen	  
presentation	  and	  cell	  migration.	  	  Many	  pathogens	  have	  evolved	  to	  exploit	  endocytosis	  to	  
gain	  entry	  to	  a	  cell	  (reviewed	  by	  Cossart	  and	  Helenius	  [216]).	  	  There	  exist	  multiple	  
different	  mechanisms	  of	  endocytosis,	  many	  of	  which	  are	  poorly	  understood.	  	  They	  are	  
outlined	  in	  Figure	  1.7.	  
	  	  
	  
Figure	  1.7.	  Endocytosis	  Mechanisms.	  
	  
Endocytosis	  can	  occur	  in	  mammalian	  cells	  via	  a	  variety	  of	  different	  mechanisms.	  	  These	  include	  clathrin-­‐mediated,	  
caveolin/lipid	  raft,	  and	  several	  other	  novel	  mechanisms.	  	  Some	  mechanisms	  also	  depend	  on	  dynamin.	  	  Large	  particles	  
are	  taken	  up	  by	  phagocytosis.	  	  The	  wide	  variety	  of	  mechanisms	  gives	  the	  cell	  flexibility	  in	  uptake	  pathways.	  	  Some	  
example	  viruses	  that	  exploit	  endocytosis	  are	  shown	  underneath	  each	  pathway.	  (CME	  –	  clathrin-­‐mediated	  
endocytosis,	  IL2	  –	  interleukin	  2,	  GEEC	  –	  GPI-­‐enriched	  early	  endosomal	  compartment,	  Arf6	  -­‐	  ADP-­‐ribosylation	  factor	  6)	  	  
(Adapted	  from	  Mercer	  at	  al,	  2010	  [323])	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1.8.1	  Clathrin-­‐Mediated	  endocytosis	  	  
Clathrin-­‐mediated	  endocytosis	  (CME)	  is	  the	  most	  widely	  studied	  and	  understood	  
endocytosis	  mechanism,	  and	  involves	  the	  uptake	  of	  transmembrane	  receptors	  and	  their	  
ligands.	  	  It	  involves	  the	  internalisation	  of	  molecules	  through	  the	  sequential	  assembly	  of	  
clathrin-­‐coated	  vesicles	  that	  cause	  membrane	  deformation	  and	  invagination.	  The	  
invagination	  then	  matures	  before	  being	  pinched	  off	  to	  form	  a	  vesicle.	  The	  exact	  set	  of	  
sequences	  leading	  to	  formation	  of	  a	  membrane	  bud	  to	  vesicle	  scission	  are	  not	  yet	  fully	  
understood,	  partly	  due	  to	  the	  large	  number	  of	  factors	  involved.	  	  Clathrin-­‐coated	  vesicles	  
(CCVs)	  have	  a	  three	  layered	  structure,	  the	  outermost	  layer	  consists	  of	  a	  clathrin	  lattice,	  
the	  innermost	  layer	  is	  a	  lipid	  bilayer	  carrying	  the	  receptor-­‐ligand	  complex,	  and	  adapter	  
proteins	  are	  found	  in	  the	  intermediate	  layer.	  	  	  
1.8.1.1	  Biogenesis	  of	  clathrin-­‐coated	  vesicles,	  Nucleation	  and	  cargo	  selection	  
Clathrin-­‐mediated	  endocytosis	  begins	  with	  the	  formation	  of	  pits	  on	  the	  intracellular	  side	  
of	  the	  plasma	  membrane	  that	  contain	  clathrin,	  the	  AP-­‐2	  adaptor	  complex,	  and	  other	  
accessory	  proteins	  [217].	  	  AP-­‐2,	  the	  adapter	  protein	  complex,	  triggers	  the	  formation	  of	  
the	  clathrin-­‐lattice	  by	  mediating	  the	  interactions	  between	  clathrin	  and	  cargo	  [218].	  	  AP-­‐2	  
interacts	  with	  the	  N-­‐terminal	  domain	  of	  the	  clathrin-­‐heavy	  chain,	  and	  with	  integral	  
membrane	  proteins	  via	  the	  YXXO	  sorting	  sequence	  (where	  X	  is	  any	  amino-­‐acid	  and	  O	  is	  a	  
bulky,	  hydrophobic	  amino-­‐acid,	  see	  below),	  which	  is	  located	  on	  the	  intracellular	  domains	  
of	  many	  receptors	  and	  determines	  the	  destination	  of	  the	  vesicle	  [219].	  	  Membrane	  
binding	  of	  AP-­‐2	  follows	  a	  two-­‐step	  process,	  beginning	  with	  a	  weak	  binding	  to	  
phosphatidylinositol-­‐4,5-­‐bisphosphate	  (PIP2)	  followed	  by	  a	  second	  stronger	  binding	  to	  
motifs	  of	  the	  cargo	  protein	  sequence	  [220].	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1.8.1.2	  Clathrin	  coat	  assembly	  
Accessory	  proteins	  such	  as	  AP180,	  CALM,	  epsins,	  HIP1,	  Dab2,	  ARH,	  and	  Numb,	  are	  
recruited	  during	  vesicle	  formation.	  	  These	  proteins	  can	  bind	  both	  clathrin	  and	  the	  
cytoplasmic	  portion	  of	  receptors,	  leading	  to	  recruitment	  of	  clathrin	  to	  the	  plasma	  
membrane.	  	  Clathrin	  is	  an	  integral	  protein	  of	  clathrin-­‐coated	  vesicles	  and	  has	  a	  triskelion	  
shape	  consisting	  of	  three	  heavy	  and	  three	  light	  chains	  [221,	  222].	  	  Clathrin	  polymerises	  at	  
the	  intracellular	  side	  of	  the	  plasma	  membrane	  to	  form	  a	  lattice	  of	  hexagons	  and	  
pentagons.	  	  This	  induces	  membrane	  curvature	  and	  the	  formation	  of	  a	  clathrin-­‐coated	  pit	  
(CCP)[223].	  	  Further	  polymerization	  and	  membrane	  deformation	  leads	  to	  a	  fully	  formed	  
CCP.	  Bin/amphiphysin/Rvs	  (BAR)	  containing	  proteins	  are	  believed	  to	  aid	  the	  deformation	  
of	  the	  membrane,	  and	  these	  include	  amphiphysin,	  endophillin	  and	  epsin	  [224].	  	  	  
1.8.1.3	  Vesicle	  scission	  
The	  neck	  of	  the	  clathrin-­‐coated	  vesicle	  is	  brought	  into	  close	  apposition	  with	  itself,	  forming	  
a	  narrow	  neck.	  	  This	  neck	  is	  then	  pinched	  off	  in	  a	  process	  that	  requires	  the	  GTPase	  
dynamin,	  a	  mechanochemical	  enzyme,	  forming	  a	  clathrin-­‐coated	  vesicle	  (CCV).	  	  Dynamin	  
is	  recruited	  by	  BAR	  domain	  containing	  proteins,	  and	  undergoes	  GTP	  hydrolysis	  dependent	  
conformational	  change	  that	  is	  believed	  to	  mediate	  scission	  [225-­‐227].	  	  Preventing	  the	  
recruitment	  of	  dynamin	  has	  been	  shown	  to	  inhibit	  CME	  by	  arresting	  vesicle	  formation	  at	  
the	  stage	  of	  CCP	  formation	  or	  scission	  [227-­‐229].	  
1.8.1.4	  Clathrin	  uncoating	  and	  recycling,	  fate	  of	  internalised	  vesicle	  
Once	  the	  nascent	  vesicle	  has	  been	  pinched	  off,	  HSC70	  (heat	  shock	  cognate)	  and	  its	  
cofactor	  auxilin	  mediate	  the	  disassembly	  of	  the	  clathrin-­‐coat.	  	  The	  uncoating	  process	  
returns	  the	  CME	  components	  to	  the	  cytoplasm	  where	  they	  may	  be	  recycled	  and	  used	  in	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the	  formation	  of	  new	  CCPs.	  The	  naked	  vesicle	  then	  traffics	  to	  early	  or	  “sorting”	  
endosomes	  in	  a	  process	  that	  is	  dependent	  on	  rab5	  GTPase	  activity	  [230].	  	  Early	  
endosomes	  are	  single-­‐membrane,	  tubular-­‐vesicular	  structures	  that	  have	  a	  mildly	  acidic	  
lumen	  (~6.0)	  and	  are	  typically	  located	  near	  to	  the	  plasma	  membrane.	  	  The	  mildly	  acidic	  
conditions	  typically	  include	  physiological	  changes	  in	  the	  lumen	  of	  the	  vesicle	  that	  can	  lead	  
to	  receptor-­‐cargo	  dissociation.	  	  Early	  endosomes	  (EEs)	  are	  the	  main	  sorting	  station	  for	  
internalised	  cargo	  and	  are	  characterised	  by	  the	  presence	  of	  early-­‐endosomal	  antigen-­‐1	  
(EEA-­‐1)	  [231].	  	  EEs	  tend	  to	  be	  small	  and	  heterogeneous	  in	  morphology,	  and	  are	  generally	  
located	  at	  the	  cell	  periphery	  close	  to	  the	  plasma	  membrane	  [232-­‐234].	  	  Early	  endosomes	  
tend	  to	  accumulate	  cargo	  for	  about	  10	  minutes,	  from	  here	  cargo	  can	  traffic	  further	  into	  
the	  endosomal/lysosomal	  network.	  	  Receptor-­‐cargo	  complexes	  may	  traffic	  to	  late	  
endosomes	  where	  the	  pH	  is	  further	  reduced,	  or	  to	  lysosomes	  where	  cargo	  is	  targeted	  for	  
degradation.	  	  Receptor-­‐ligand	  complexes	  not	  directed	  to	  late-­‐endosomes	  or	  lysosomes	  
are	  directed	  back	  to	  the	  cell	  surface	  via	  recycling	  endosomes,	  of	  which	  there	  may	  be	  a	  
fast	  and	  a	  slow	  pathway	  [235].	  	  	  
1.8.1.5	  Clathrin-­‐dependent	  endocytic	  sorting	  signals	  
Membrane	  proteins	  that	  are	  internalised	  via	  CME	  tend	  to	  contain	  sorting	  signals	  in	  their	  
cytoplasmic	  domain	  which	  cause	  the	  protein	  to	  be	  directed	  towards	  clathrin-­‐coated	  pits.	  	  
It	  is	  not	  known	  whether	  proteins	  carrying	  sorting	  signals	  recruit	  AP-­‐2	  directly,	  which	  
would	  lead	  to	  nascent	  CCP	  formation,	  or	  whether	  they	  are	  recruited	  to	  pre-­‐formed	  pits	  by	  
their	  interactions	  with	  AP-­‐2.	  	  Sorting	  signals	  have	  1)	  YXXO	  sorting	  signals	  (where	  X	  is	  any	  
amino	  acid	  and	  O	  is	  a	  bulky	  hydrophobic	  amino	  acid),	  2)	  Dileucine	  recognition	  where	  the	  
sorting	  signal	  is	  distinct	  from	  YXXO	  and	  is	  composed	  [DE]XXXL[LIM],	  3)	  [FY]XNPX[YF]-­‐
selective	  CLASPs	  which	  are	  a	  phosphoTyr-­‐binding	  domain	  containing	  subfamily,	  and	  4)	  the	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ubiquitin	  signal	  (reviewed	  by	  Traub)	  [219].	  	  	  
	  
1.8.2	  Lipid-­‐raft	  mediated	  endocytosis	  
Lipid	  rafts	  are	  fluctuating	  microdomains	  enriched	  in	  sphingolipids,	  cholesterol,	  and	  GPI-­‐
anchored	  proteins	  that	  can	  stabilise	  and	  coalesce.	  	  They	  can	  form	  platforms	  of	  highly	  
ordered	  saturated	  lipids	  that	  are	  laterally	  mobile	  on	  the	  otherwise	  disordered	  fluid	  bilayer	  
of	  the	  plasma	  membrane	  which	  consists	  of	  unsaturated	  lipids.	  	  Lipid	  rafts	  are	  involved	  
with	  membrane	  signalling	  and	  trafficking.	  	  They	  are	  characterised	  as	  being	  detergent	  
resistant	  membranes	  (DRMs)	  by	  their	  insolubility	  in	  cold	  Triton-­‐X	  100,	  a	  non-­‐ionic	  
detergent,	  and	  sediment	  with	  low	  density	  fractions	  when	  centrifuged	  through	  a	  sucrose	  
gradient.	  	  
	  
1.8.3	  Caveolae-­‐dependent	  endocytosis	  
Lipid	  rafts	  can	  organise	  into	  specialised	  membrane	  domains,	  and	  one	  example	  is	  
caveolae.	  	  Caveolae	  are	  sub-­‐microscopic,	  plasma	  membrane	  invaginations	  approximately	  
60-­‐80nm	  wide	  that	  contain	  oligomeric	  caveolin-­‐1	  [236,	  237].	  	  It	  was	  previously	  believed	  
that	  they	  were	  flask-­‐shaped,	  however	  cryo-­‐fixed	  studies	  have	  revealed	  they	  actually	  have	  
an	  open	  cup	  or	  crater	  shape	  with	  a	  wide	  opening	  and	  no	  constricted	  neck	  [238,	  239].	  	  
Caveolae	  differ	  from	  CCPs	  insofar	  as	  they	  have	  no	  coat,	  and	  do	  not	  show	  different	  stages	  
of	  neck	  closure	  during	  endocytosis	  [238,	  240].	  	  The	  expression	  of	  caveolae	  also	  varies	  
widely	  between	  different	  tissues.	  	  The	  density	  of	  caveolae	  can	  be	  heterogenous	  in	  
individual	  cells,	  and	  caveolae	  can	  represent	  up	  to	  50%	  of	  the	  plasma	  membrane	  in	  some	  
endothelial	  cell	  types	  and	  adipocytes	  [241].	  	  Caveolae	  have	  been	  shown	  to	  concentrate	  at	  
the	  rear	  of	  migrating	  cells,	  and	  at	  the	  basolateral	  surface	  of	  epithelial	  cells	  [242,	  243].	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An	  integral	  component	  of	  caveolae	  is	  the	  protein	  caveolin	  (~140	  copies	  per	  caveolae),	  of	  
which	  there	  are	  three	  types;	  caveolin-­‐1,	  caveolin-­‐2,	  and	  caveolin-­‐3.	  	  Caveolin-­‐1	  and	  -­‐2	  are	  
generally	  expressed	  in	  all	  cell	  types	  with	  the	  exception	  of	  muscle	  cells,	  and	  caveolin-­‐3	  is	  
expressed	  in	  striated	  muscle	  [236,	  244].	  	  Inhibition	  of	  Caveolin-­‐1	  causes	  the	  loss	  of	  
caveolae	  in	  non-­‐muscle	  cells	  [245,	  246],	  and	  expression	  of	  caveolin-­‐1	  in	  cells	  that	  lack	  
caveolin	  or	  caveolae	  causes	  their	  de	  novo	  synthesis	  [247].	  	  Caveolins	  are	  vital	  in	  the	  
biogenesis	  of	  caveolae	  as	  their	  oligomerization	  leads	  to	  membrane	  curvature,	  as	  
demonstrated	  in	  prokaryotic	  cells	  expressing	  caveolin	  proteins	  [248].	  	  The	  formation	  of	  
caveolae	  is	  also	  dependent	  on	  the	  cooperative	  function	  of	  cavin	  proteins.	  	  Cavins	  are	  
cytoplasmic	  proteins	  that	  are	  recruited	  to	  caveolae	  in	  cells	  that	  express	  caveolin.	  	  There	  
are	  four	  types	  of	  known	  cavin;	  Cavin-­‐1,	  -­‐2,	  -­‐3	  and	  -­‐4,	  however	  the	  function	  of	  each	  is	  not	  
fully	  understood.	  	  Cavin-­‐1	  is	  essential	  for	  the	  biogenesis	  of	  caveloae	  by	  an	  unknown	  
mechanism	  [249,	  250],	  cavin-­‐2	  is	  associated	  with	  membrane	  curvature	  [251],	  and	  cavin-­‐3	  
is	  a	  caveolin	  adaptor	  that	  regulates	  caveolae	  function	  [252].	  	  
Caveolae	  have	  been	  linked	  with	  many	  roles,	  including	  endocytosis,	  and	  
mechanosensation	  by	  flattening	  in	  response	  to	  stretching	  of	  the	  plasma	  membrane.	  	  The	  
mechanism	  of	  how	  caveolae	  undergo	  endocytosis,	  and	  how	  caveolae	  traffic	  to	  endosomal	  
compartments	  is	  not	  fully	  understood	  and	  there	  is	  conflict	  in	  the	  literature.	  	  Previously,	  
the	  best	  characterised	  ligand	  of	  caveolae-­‐mediated	  endocytosis	  was	  Simian	  virus	  40	  
(SV40).	  	  SV40	  was	  believed	  to	  enter	  cells	  exclusively	  through	  caveolae-­‐mediated	  
endocytosis.	  	  SV40	  particles	  were	  shown	  to	  bind	  to	  the	  plasma	  membrane	  via	  MHC	  class	  I	  
molecules	  before	  undergoing	  lateral	  movement	  until	  trapped	  in	  a	  caveolae,	  which	  then	  
triggers	  endocytosis	  [253,	  254].	  	  However	  SV40	  can	  also	  utilise	  a	  caveolin-­‐independent	  
pathway	  (see	  below).	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Similar	  to	  CME,	  	  scission	  	  of	  caveolae	  has	  been	  shown	  to	  be	  mediated	  by	  dynamin	  [255,	  
256].	  	  Pinched	  off	  vesicles	  were	  originally	  believed	  to	  traffic	  to	  an	  intermediate	  organelle	  
called	  a	  caveosome,	  an	  immobile,	  pH	  neutral	  compartment.	  	  However	  it	  has	  since	  been	  
established	  that	  the	  caveosome	  does	  not	  exist	  as	  a	  distinct	  organelle,	  but	  is	  instead	  an	  
artefact	  of	  caveolin-­‐1	  overexpression	  [257].	  	  This	  lead	  to	  the	  endosomal	  network	  being	  
saturated	  with	  caveolin-­‐1	  and	  some	  caveolin-­‐1	  was	  directed	  to	  late	  endosomes	  or	  
multivesicular	  bodies.	  In	  endothelial	  cells	  caveolae	  are	  proposed	  to	  bud	  in	  from	  the	  
luminal	  side	  and	  transfer	  their	  cargo	  through	  the	  cell,	  releasing	  it	  on	  the	  abluminal	  side	  
and	  delivering	  their	  contents	  to	  the	  underlying	  tissues	  [258].	  	  In	  other	  cells	  caveolae	  have	  
been	  shown	  to	  traffic	  to	  early	  endosomes	  [259-­‐262].	  	  After	  endosome	  fusion,	  
components	  of	  caveolae	  can	  recycle	  back	  to	  the	  plasma	  membrane	  [260],	  mediated	  by	  
recycling	  endosomes.	  
Other	  viruses	  	  that	  use	  cavoelae-­‐mediated	  endocytosis	  include	  enterovirus	  71	  (when	  
bound	  to	  PSGL-­‐1)	  [263],	  echovirus-­‐1	  [264],	  and	  other	  viruses	  within	  the	  polyomavirus	  
family	  (that	  includes	  SV40)	  [265].	  	  	  
	  
1.8.4	  Other	  lipid	  raft	  mediated	  endocytosis	  mechanisms	  
Caveolae	  and	  raft-­‐dependent	  entry	  mechanisms	  share	  a	  common	  sensitivity	  to	  plasma	  
membrane	  cholesterol	  depletion.	  	  Cells	  that	  lack	  caveolin-­‐1	  do	  not	  express	  caveolae,	  
however	  still	  display	  plasma	  membrane	  invaginations	  that	  are	  cholesterol	  and	  
sphingolipid	  enriched,	  and	  internalisation	  of	  caveolae/raft	  ligands	  still	  occurs	  in	  cells	  that	  
lack	  caveolin.	  	  It	  has	  since	  been	  argued	  that	  caveolae	  and	  lipid-­‐rafts	  mediate	  a	  similar	  
endocytic	  pathway.	  	  In	  the	  review	  by	  Nabi	  and	  Le,	  [266],	  it	  was	  suggested	  that	  caveolae	  
and	  lipid-­‐rafts	  share	  a	  similar	  internalisation	  pathway,	  however	  caveolin-­‐1	  may	  act	  as	  a	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regulator	  of	  this	  pathway.	  	  It	  was	  proposed	  that	  caveolin-­‐1	  acts	  as	  a	  stabiliser	  of	  or	  
caveolae	  at	  the	  plasma	  membrane	  as	  opposed	  to	  being	  a	  determinant.	  	  However,	  the	  
literature	  in	  this	  field	  is	  not	  clear	  ,	  and	  other	  studies	  have	  shown	  that	  many	  ligands	  can	  
undergo	  caveolae-­‐mediated	  endocytosis	  (see	  above).	  Nonetheless,	  there	  are	  numerous	  
accounts	  of	  ligands	  that	  are	  internalised	  in	  lipid-­‐rafts	  that	  do	  not	  contain	  caveolin,	  or	  
within	  lipid-­‐rafts	  in	  cells	  that	  do	  not	  express	  caveolin.	  	  	  
For	  example,	  internalisation	  of	  cholera-­‐toxin	  (CTX)	  occurs	  via	  caveolae	  and	  is	  dependent	  
on	  caveolin-­‐1	  and	  plasma	  membrane	  cholesterol	  [267],	  however	  entry	  can	  also	  occur	  via	  
a	  raft	  entry	  pathway	  in	  Caco-­‐2	  cells	  that	  do	  not	  express	  caveolin-­‐1	  [268],	  and	  RNAi	  
knockdown	  of	  caveolin-­‐1	  in	  Cos-­‐7	  cells	  does	  not	  stop	  CTX	  delivery	  to	  the	  golgi	  [269].	  	  
Indicating	  that	  caveolin-­‐1	  is	  not	  necessary	  for	  internalisation.	  
In	  another	  example,	  SV40	  was	  capable	  of	  using	  an	  endocytosis	  mechanism	  that	  was	  
caveolin-­‐independent.	  	  Virus	  was	  internalized	  in	  small,	  tight-­‐fitting	  vesicles	  that	  were	  
independent	  of	  clathrin,	  caveolin-­‐1,	  and	  dynamin	  II	  [270].	  	  It	  was	  later	  shown	  that	  SV40	  
binding	  to	  GM1	  was	  sufficient	  alone	  to	  induce	  membrane	  curvature	  that	  led	  to	  the	  
formation	  of	  plasma	  membrane	  invaginations	  and	  tubules.	  	  These	  invaginations	  also	  went	  
on	  to	  form	  giant	  unilamellar	  vesicles	  (GUVs).	  	  It	  was	  thus	  determined	  that	  SV40	  and	  other	  
viruses	  can	  use	  glycosphingolipids	  in	  conjunction	  with	  pentameric	  protein	  scaffolds	  to	  
induce	  plasma	  membrane	  curvature	  which	  induces	  endocytosis	  of	  the	  viral	  ligand	  	  [271].	  	  
It	  is	  thought	  that	  the	  clustering	  of	  receptors	  has	  a	  general	  effect	  on	  the	  membrane,	  
increasing	  membrane	  order,	  and	  may	  induce	  membrane	  curvature.	  	  Lipid-­‐rafts	  have	  also	  
been	  shown	  to	  be	  involved	  in	  the	  clathin-­‐	  and	  caveolin-­‐independent	  uptake	  of	  SARS-­‐Cov	  
virus	  [272].	  Entry	  of	  SARS-­‐Cov	  virus	  into	  Vero	  E6	  cells	  was	  unperturbed	  by	  inhibitors	  of	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CME,	  but	  was	  inhibited	  by	  methyl-­‐beta-­‐cyclodextrin	  (MβCD)	  which	  removes	  plasma	  
cholesterol	  and	  interferes	  with	  the	  formation	  of	  lipid	  rafts.	  	  Confocal	  microscopy	  revealed	  
no	  significant	  colocalisation	  of	  virus	  with	  caveolin-­‐1,	  leading	  the	  authors	  to	  deduce	  that	  
caveolin-­‐1	  independent	  lipid-­‐rafts	  may	  be	  involved	  in	  the	  entry	  of	  SARS-­‐Cov	  virus	  into	  
Vero	  E6	  cells.	  	  Furthermore,	  it	  has	  been	  shown	  that	  SARS-­‐Cov	  can	  infect	  Caco-­‐2	  cells	  that	  
lack	  caveolin-­‐1	  and	  thus	  caveolae	  [273,	  274].	  
Thus,	  there	  appear	  to	  be	  distinct	  endocytosis	  mechanisms	  for	  caveolae	  and	  lipid-­‐rafts	  that	  
share	  common	  characteristics,	  to	  which	  caveolin	  may	  be	  associated	  with	  sorting	  [266].	  	  
	  
1.8.5	  Other	  endocytosis	  mechanisms	  
Other	  mechanisms	  of	  endocytosis	  exist	  however	  they	  are	  less	  well-­‐understood	  compared	  
to	  the	  clathrin,	  caveolae	  and	  lipid-­‐raft	  mediated	  pathways.	  	  One	  such	  example	  is	  
macropinocytosis	  [275].	  	  Macropinocytosis	  is	  a	  form	  of	  endocytosis	  that	  involves	  the	  
uptake	  of	  fluid-­‐phase	  and	  is	  characterised	  by	  actin-­‐dependent	  reorganisations	  of	  the	  
plasma	  membrane.	  	  These	  reorganisations	  form	  macropinosomes,	  which	  are	  constitutive	  
in	  many	  different	  cell	  types	  but	  in	  other	  cell	  types	  requires	  activation	  [275,	  276].	  	  
Macropinocytosis	  can	  be	  exploited	  by	  pathogens	  for	  cell	  entry	  and	  one	  such	  example	  is	  
bluetongue	  virus-­‐1	  (BTV-­‐1)	  [277].	  	  	  Entry	  of	  BTV-­‐1	  in	  BHK-­‐21	  cells	  was	  shown	  to	  be	  
inhibited	  by	  EIPA	  and	  cytochalasin-­‐D,	  which	  inhibit	  macropinocytosis.	  	  BTV-­‐1	  also	  co-­‐
localised	  with	  dextran,	  a	  marker	  for	  fluid-­‐phase	  uptake.	  	  	  
Other	  mechanisms	  include	  the	  CLIC/GEEC,	  IL2Rβ,	  Arf6-­‐dependent,	  and	  flotillin	  (reviewed	  
by	  Doherty	  and	  McMahon	  [278]).	  	  These	  mechanisms	  are	  poorly	  understood.	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1.9	  Picornavirus	  cell-­‐entry	  
In	  order	  to	  initiate	  infection,	  a	  virus	  must	  bind	  to	  a	  cell,	  bypass	  the	  plasma	  membrane	  and	  
translocate	  its	  nucleic	  acid	  to	  the	  appropriate	  intracellular	  location.	  	  For	  some	  viruses	  this	  
is	  the	  nucleus,	  but	  for	  many	  viruses	  (including	  the	  picornaviruses)	  this	  is	  the	  cytoplasm.	  	  
Some	  viruses	  fuse	  directly	  at	  the	  plasma	  membrane	  and	  deliver	  their	  cargo	  to	  the	  
cytoplasm,	  however	  many	  viruses	  have	  evolved	  to	  hijack	  the	  host	  cell	  endocytosis	  
machinery.	  	  Even	  viruses	  that	  gain	  entry	  by	  direct	  membrane	  fusion,	  such	  as	  HIV-­‐1,	  may	  
do	  so	  after	  being	  internalised	  via	  clathrin-­‐mediated	  endocytosis	  [279,	  280].	  	  Entry	  by	  
endocytosis	  has	  many	  benefits	  over	  plasma	  membrane	  fusion	  namely	  because;	  
-­‐ It	  reduces	  the	  likelihood	  of	  immune	  surveillance	  as	  viral	  proteins	  are	  not	  left	  
on	  the	  plasma	  membrane.	  
-­‐ It	  allows	  for	  quicker	  access	  to	  the	  cytosol,	  nucleus	  and	  other	  cellular	  
compartments.	  
-­‐ It	  minimises	  the	  obstacles	  en	  route	  to	  a	  particular	  compartment.	  
The	  endocytosis	  mechanism	  of	  a	  virus	  is	  dictated	  by	  the	  receptor	  it	  binds	  to,	  and	  the	  virus	  
will	  often	  be	  internalised	  in	  conjunction	  with	  its	  receptor.	  	  Virus	  receptors	  are	  normally	  
molecules	  involved	  in	  normal	  	  cellular	  processes,	  such	  as	  glycoconjugates,	  however	  
viruses	  have	  evolved	  to	  use	  numerous	  classes	  of	  cell-­‐surface	  molecules.	  	  A	  virus	  receptor	  
may	  trigger	  capsid	  changes	  that	  may	  induce	  penetration/membrane	  fusion,	  e.g.	  the	  
transition	  of	  the	  capsid	  into	  an	  A-­‐particle,	  or	  may	  induce	  cell-­‐signalling.	  	  In	  addition	  some	  
viruses	  exploit	  attachment	  factors,	  cell	  surface	  molecules	  that	  are	  not	  normally	  involved	  
in	  endocytosis	  but	  which	  bind	  the	  virus	  to	  the	  cell	  surface	  and	  concentrate	  it	  until	  the	  
correct	  receptor	  is	  found.	  	  Some	  endocytosis	  mechanisms	  and	  the	  viruses	  that	  exploit	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them	  are	  summarized	  in	  Figure	  1.8.	  	  In	  this	  section,	  the	  receptors	  and	  endocytosis	  
mechanism	  of	  field-­‐isolate	  FMDV	  is	  described,	  which	  is	  then	  compared	  with	  the	  receptors	  
and	  endocytosis	  mechanisms	  utilised	  when	  FMDV	  is	  adapted	  to	  cell-­‐culture	  and	  acquires	  
capsid	  mutations	  that	  alters	  its	  tropism.	  	  The	  endocytosis	  mechanisms	  of	  other	  
picornaviruses	  are	  then	  described	  to	  provide	  a	  comparison.	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Figure	  1.8.	  The	  fate	  of	  internalised	  viruses	  within	  the	  endocytic	  network.	  
	  
After	  binding	  to	  cellular	  receptors	  viruses	  are	  internalised	  via	  a	  variety	  of	  pathways.	  	  Once	  internalised,	  the	  virus	  
particle	  then	  traffic	  to	  primary	  endocytic	  vesicles.	  	  Here,	  they	  are	  sorted	  and	  may	  be	  sent	  to	  other	  vesicles	  or	  
organelles	  within	  the	  cytoplasm.	  	  Once	  in	  their	  target	  destination,	  physiological	  changes	  trigger	  membrane	  
penetration	  and	  delivery	  of	  the	  viral	  genome	  to	  the	  cytosol	  where	  replication	  begins.	  	  	  Foot-­‐and-­‐mouth	  disease	  virus	  
is	  delivered	  to	  early	  endosomes	  where	  the	  acidic	  conditions	  trigger	  capsid	  dissociation	  and	  genome	  delivery	  to	  the	  
cytosol.	  	  
(Adapted	  from	  Cossart	  and	  Helenius,	  2014	  [216])	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1.9.1	  FMDV	  field-­‐isolate	  receptors	  and	  endocytosis	  mechanism	  
The	  major	  immunodominant	  site	  on	  the	  FMDV	  capsid	  resides	  on	  the	  surface	  of	  VP1	  and	  
consists	  of	  a	  conformationally	  flexible	  loop	  called	  the	  βG-­‐βH	  loop	  (the	  FMDV	  G-­‐H	  loop)	  
[27,	  31].	  	  Initial	  work	  on	  the	  antigenic	  properties	  of	  the	  virus	  revealed	  that	  virus	  binding	  
to	  cells,	  and	  thus	  infectivity,	  was	  significantly	  reduced	  when	  the	  G-­‐H	  loop	  was	  
proteolytically	  cleaved	  from	  the	  capsid	  by	  trypsin	  treatment	  	  [40].	  	  At	  	  the	  apex	  of	  this	  
loop	  resides	  a	  highly	  conserved	  Arg-­‐Gly-­‐Asp	  (RGD)	  motif	  sequence	  [281]	  This	  sequence	  	  
was	  also	  found	  in	  numerous	  cell	  matrix	  and	  adhesion	  proteins	  that	  bind	  to	  a	  family	  of	  cell	  
surface	  receptors	  called	  integrins	  [282,	  283].	  	  Later	  work	  determined	  that	  synthetic	  RGD	  
peptides	  could	  block	  binding	  of	  FMDV	  to	  BHK-­‐21	  cells	  [284],	  which	  suggested	  that	  the	  
RGD	  of	  the	  G-­‐H	  loop	  was	  important	  for	  FMDV	  infectivity.	  	  	  
	  
1.9.2	  Integrins	  as	  receptors	  for	  FMDV	  
Integrins	  are	  important	  biological	  molecules	  that	  are	  used	  by	  cells	  to	  bind	  to	  and	  respond	  
to	  the	  extracellular	  matrix.	  	  They	  belong	  to	  a	  large	  family	  of	  cell	  surface	  membrane	  
receptors	  and	  contribute	  to	  many	  cellular	  functions	  such	  as	  cell	  adhesion.	  	  They	  are	  also	  
involved	  in	  the	  induction	  of	  signal	  transduction	  pathways	  that	  control	  a	  variety	  of	  
different	  processes	  including;	  morphology,	  migration,	  apoptosis,	  and	  cell	  proliferation.	  	  
Integrins	  interact	  with	  many	  extracellular	  ligands	  and	  modulate	  physiological	  processes	  
such	  as	  wound	  repaid,	  morphogenesis,	  embryogenesis,	  inflammation,	  and	  leukocyte	  
trafficking	  [285,	  286].	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Integrins	  are	  heterodimeric	  glycoproteins,	  composed	  of	  two	  non-­‐covalently	  bound	  α	  and	  	  
β	  sub-­‐units	  [287].	  	  	  Each	  subunit	  is	  made	  up	  of	  a	  large	  extracellular	  domain	  (120-­‐180	  kDa	  
residues	  for	  α	  subunits	  and	  90-­‐110	  kDa	  residues	  for	  β	  subunits),	  a	  single	  transmembrane	  
domain	  and	  a	  short,	  C-­‐terminal	  cytoplasmic	  domain	  (10-­‐50	  residues)[287].	  	  Currently,	  19α	  
and	  8β	  subunits	  have	  been	  identified	  which	  would	  theoretically	  mean	  there	  could	  be	  as	  
many	  as	  100	  combinations	  of	  integrin	  heterodimers.	  	  In	  reality	  however	  24	  have	  been	  
seen	  due	  to	  some	  α	  subunits	  only	  being	  able	  to	  associate	  with	  one	  particular	  β	  subunit.	  	  	  
Integrins	  bind	  to	  many	  different	  ligands	  and	  this	  binding	  is	  universally	  divalent	  cation	  
dependent,	  stimulated	  by	  Mg2+	  and	  inhibited	  by	  Ca2+.	  	  Both	  subunits	  are	  required	  for	  
ligand	  binding	  in	  addition	  to	  the	  divalent	  cations	  that	  bind	  to	  the	  α	  chain.	  	  Of	  the	  24	  
known	  integrin	  combinations	  seen	  in	  nature,	  8	  have	  been	  shown	  to	  interact	  with	  their	  
ligands	  via	  a	  RGD	  and	  they	  are;	  αvβ1,	  αvβ3,	  αIIβ3,	  αvβ5,	  αvβ6,	  αvβ8,	  α5β1,	  α8β1	  [282,	  
288-­‐290].	  	  It	  is	  established	  that	  field-­‐isolates	  of	  FMDV	  bind	  to	  a	  number	  of	  αv	  receptors	  to	  
initiate	  infection	  of	  cultured	  cells;	  αvβ1,	  αvβ3,	  αvβ6,	  and	  αvβ8	  [129,	  130,	  132,	  291,	  292].	  	  
Furthermore,	  FMDV	  has	  also	  been	  shown	  to	  interact	  with	  purified	  αvβ5	  and	  α5β1	  [293,	  
294]	  however	  these	  do	  not	  act	  as	  receptors	  for	  FMDV.	  	  Integrins	  are	  different	  from	  other	  
cell-­‐surface	  receptors	  insofar	  as	  they	  bind	  their	  ligands	  with	  low	  affinity	  (106-­‐109	  
litres/mol),	  and	  are	  usually	  present	  at	  the	  cell-­‐surface	  in	  numbers	  10-­‐100	  times	  higher	  
than	  other	  cell-­‐surface	  molecules	  [295].	  	  Individual	  interactions	  with	  receptors	  are	  weak,	  
however	  multiple	  interactions	  makes	  the	  avidity	  high.	  	  Multivalent	  binding	  leads	  to	  
receptor	  clustering	  and	  association	  with	  lipid	  domains,	  leading	  to	  the	  activation	  of	  
signalling	  pathways.	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The	  first	  identified	  FMDV	  receptor	  was	  αvβ3	  in	  1995	  [132]	  as	  it	  was	  discovered	  that	  
polyclonal	  antibodies	  to	  the	  vitronectin	  receptor,	  integrin	  αvβ3,	  or	  a	  monoclonal	  antibody	  
to	  the	  αv	  subunit	  blocked	  infectivity	  by	  FMDV.	  	  The	  binding	  was	  characterised	  by	  Jackson	  
et	  al	  using	  a	  solid-­‐phase	  binding	  assay[296]	  where	  it	  was	  determined	  the	  binding	  was	  	  
dependent	  on	  divalent	  cations.	  	  Infection	  could	  be	  inhibited	  by	  as	  much	  as	  50%	  by	  using	  
short	  RGD-­‐containing	  peptides,	  and	  inhibition	  by	  a	  RGE	  peptide	  was	  far	  less	  effective,	  
highlighting	  the	  specificity	  of	  the	  RGD	  motif.	  	  Neff	  at	  al	  later	  found	  that	  a	  human	  cell	  line	  
(K562),	  and	  a	  hamster	  cell	  line	  (CHO),	  both	  of	  which	  are	  not	  normally	  permissible	  to	  
FMDV	  infection	  could	  be	  made	  susceptible	  to	  wild-­‐type	  infection	  of	  FMDV	  A12	  when	  
transfected	  with	  cDNA	  encoding	  integrin	  αvβ3	  [292].	  	  Although	  humans	  are	  not	  hosts	  for	  
FMDV,	  integrins	  are	  highly	  conserved	  amongst	  mammals	  [282].	  However	  although	  the	  
human	  and	  bovine	  forms	  of	  αvβ3	  show	  almost	  98.8%	  sequence	  similarity	  in	  the	  αv	  
subunit	  and	  93%	  similarity	  in	  the	  β3	  subunit,	  it	  has	  been	  shown	  that	  binding	  to	  the	  bovine	  
version	  of	  αvβ3	  is	  much	  more	  efficient	  than	  the	  human	  variant	  [297],	  which	  would	  be	  
expected	  as	  FMDV	  is	  a	  bovine	  pathogen.	  	  It	  was	  also	  discovered	  that	  portions	  of	  the	  
cytoplasmic	  domain	  could	  be	  deleted	  without	  any	  inhibitory	  effect	  on	  infectivity,	  
suggesting	  that	  cytoplasmic-­‐truncated	  integrins	  are	  still	  able	  to	  internalise	  FMDV	  [298].	  	  	  
The	  second	  FMDV	  integrin	  discovered	  was	  αvβ6	  by	  Jackson	  et	  al	  in	  2000	  [131].	  	  Jackson	  
and	  colleagues	  found	  that	  SW480	  cells,	  a	  human	  carcinoma	  cell	  line	  not	  normally	  
permissive	  to	  infection	  by	  FMDV,	  could	  be	  made	  susceptible	  to	  infection	  when	  
transfected	  with	  cDNA	  encoding	  the	  β6	  subunit	  and	  expressed	  αvβ6	  at	  the	  cell	  surface.	  	  
Virus	  binding	  and	  infection	  of	  the	  β6	  expressing	  cells	  could	  also	  be	  abrogated	  by	  
preincubating	  cells	  with	  the	  functional	  blocking	  MAb	  10D5	  (anti-­‐	  αvβ6).	  	  The	  interaction	  
was	  confirmed	  as	  being	  RGD-­‐dependent	  by	  demonstrating	  that	  virus	  binding	  to	  αvβ6	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could	  be	  inhibited	  by	  an	  RGD	  peptide	  derived	  from	  the	  G-­‐H	  loop	  of	  type	  O	  FMDV	  but	  not	  
an	  RGE	  control	  peptide.	  	  The	  interaction	  of	  the	  αvβ6	  with	  the	  RGD	  was	  later	  found	  to	  be	  
very	  stable	  and	  dependent	  on	  a	  helical	  structure	  immediately	  following	  on	  from	  the	  C	  
terminus	  of	  the	  RGD,	  particularly	  the	  RGD	  +1	  and	  +4	  positions	  which	  in	  most	  FMDV	  stains	  
are	  both	  Leu	  (L)	  [299]	  (LXXL).	  	  The	  interaction	  was	  EDTA	  resistant	  and	  formed	  a	  very	  
stable	  complex,	  as	  the	  helix	  region	  was	  shown	  to	  enhance	  the	  peptide	  binding	  by	  several	  
orders	  of	  magnitude	  which	  is	  likely	  to	  account	  for	  the	  infectiousness	  of	  FMDV.	  	  The	  LXXL	  
motif	  may	  synergize	  with	  the	  RGD,	  which	  may	  enhance	  the	  binding	  affinity	  than	  if	  the	  
RGD	  were	  binding	  alone.	  	  The	  LXXL	  residues	  form	  a	  hydrophobic	  patch	  on	  the	  outer	  
surface	  of	  the	  helix,	  and	  it	  is	  likely	  that	  they	  physically	  bind	  to	  αvβ6	  [299,	  300].	  	  
Furthermore,	  a	  	  RGD	  containing	  peptide	  (FMDV-­‐RGD;	  VPNLRGDLQVLA)	  derived	  from	  type	  
O	  FMDV	  was	  shown	  to	  inhibit	  binding	  of	  FMDV	  to	  αvβ1,	  αvβ3,	  and	  αvβ6.	  	  Whereas	  a	  
shorter	  peptide	  (GRGDSP)	  only	  inhibited	  binding	  to	  αvβ1	  and	  αvβ3,	  suggesting	  that	  
additional	  residues	  are	  required	  for	  efficient	  FMDV	  binding	  to	  αvβ6	  [129].	  
Finally,	  αvβ1	  and	  αvβ8	  were	  determined	  to	  be	  receptors	  for	  FMDV	  in	  cell	  culture	  [129,	  
130].	  	  CHO-­‐B2	  cells	  were	  made	  susceptible	  to	  FMDV	  infection	  when	  made	  to	  express	  a	  
human/hamster	  heterodimer	  of	  αvβ1	  although	  binding	  and	  infection	  was	  inefficient.	  	  
Additionally,	  infection	  could	  be	  inhibited	  by	  incubation	  with	  short	  RGD-­‐containing	  
peptides.	  	  The	  function	  of	  αvβ8	  as	  a	  receptor	  was	  discovered	  in	  a	  similar	  fashion.	  	  SW480	  
cells	  were	  made	  permissible	  to	  FMDV	  infection	  by	  transfection	  with	  cDNA	  encoding	  
human	  β8	  protein	  and	  expression	  of	  αvβ8	  at	  the	  cell	  surface.	  	  Virus	  binding	  and	  infection	  
could	  be	  inhibited	  using	  short	  RGD-­‐containing	  peptides,	  and	  by	  function-­‐blocking	  
antibodies	  against	  αvβ8	  heterodimer	  or	  against	  the	  αv	  chain	  [129].	  The	  role	  of	  either	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integrin	  in	  in	  vivo	  has	  not	  been	  investigated;	  therefore	  it	  is	  currently	  unknown	  whether	  
they	  have	  a	  significant	  role	  in	  natural	  infection.	  	  	  
The	  previous	  sections	  describe	  Investigations	  comparing	  αvβ3	  to	  αvβ6	  revealed	  that	  the	  
FMDV-­‐αvβ3	  was	  actually	  of	  a	  low	  affinity,	  whereas	  the	  FMDV-­‐αvβ6	  binding	  was	  of	  a	  high	  
affinity	  [301]	  which	  was	  in	  disagreement	  with	  the	  previous	  findings	  of	  Jackson	  et	  al	  [296].	  	  
FMDV-­‐integrin	  binding	  was	  investigated	  using	  soluble	  integrin	  that	  lacked	  the	  
transmembrane	  and	  cytoplasmic	  domains	  that	  was	  produced	  by	  COS-­‐1	  cells	  transfected	  
with	  cDNA.	  	  Soluble	  αvβ6	  bound	  to	  FMDV	  A12	  and	  A24	  and	  significantly	  inhibited	  viral	  
replication	  on	  BHK-­‐21	  cells.	  	  In	  comparison	  soluble	  αvβ3	  was	  unable	  to	  bind	  to	  
immobilised	  virus,	  however,	  virus	  did	  bind	  to	  immobilised	  integrin,	  suggesting	  that	  FMDV	  
binding	  to	  αvβ3	  is	  of	  a	  much	  lower	  affinity.	  	  Soluble	  αvβ3	  was	  also	  unable	  to	  neutralise	  
either	  virus’s	  infectivity.	  	  These	  effects	  were	  replicated	  with	  FMDV	  type	  O1.	  	  These	  results	  
contrast	  those	  seen	  by	  Jackson	  et	  al,	  who	  examined	  the	  binding	  of	  FMDV	  serotypes	  to	  
purified	  human	  αvβ3	  that	  had	  been	  immobilised	  on	  plastic	  [296],	  however	  the	  authors	  
discussed	  how	  the	  binding	  of	  soluble	  integrins	  to	  immobilised	  ligand	  is	  a	  matter	  of	  affinity	  
[302],	  whereas	  the	  binding	  interactions	  between	  soluble	  ligands	  to	  immobilised	  integrins	  
is	  a	  measure	  of	  avidity	  [303].	  	  Therefore,	  it	  would	  appear	  the	  αvβ6	  is	  a	  high	  affinity	  
receptor	  for	  FMDV,	  whereas	  αvβ3	  is	  also	  a	  receptor	  but	  with	  a	  much	  lower	  affinity.	  	  
	  
1.9.3	  FMDV	  integrin	  usage	  in	  vivo	  
FMDV	  has	  been	  shown	  to	  use	  four	  classes	  of	  integrin	  in	  vitro;	  αvβ1,	  αvβ3,	  αvβ6	  and	  αvβ8.	  	  
It	  was	  later	  determined	  that	  the	  integrin	  αvβ6	  served	  as	  the	  primary	  receptor	  for	  FMDV	  in	  
vivo	  [304-­‐306].	  	  Experiments	  have	  shown	  that	  αvβ6	  is	  expressed	  on	  the	  epithelial	  cells	  of	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the	  airways,	  oral	  cavity,	  gastrointestinal	  tract,	  kidney,	  sweat	  glands,	  hair	  follicle	  sheaths,	  
and	  the	  epidermis	  of	  the	  pedal	  coronary	  band	  [305]	  which	  is	  consistent	  with	  FMDV	  being	  
a	  respiratory	  disease	  (see	  pathogenesis).	  	  	  
Animal	  experiments	  in	  steers	  investigating	  the	  expression	  of	  αvβ6	  revealed	  it	  was	  
constitutively	  present	  on	  the	  surfaces	  of	  epithelial	  cells	  in	  locations	  where	  infectious	  
lesions	  are	  seen	  during	  natural	  infection	  such	  as	  the	  tongue	  epithelium,	  the	  interdigital-­‐
skin	  epithelium,	  but	  was	  noticeably	  absent	  in	  locations	  where	  lesions	  are	  not	  normally	  
seen.	  	  There	  was	  however	  greater	  variation	  in	  the	  levels	  of	  αvβ6	  in	  the	  epithelial	  cells	  of	  
the	  coronary	  band	  and	  the	  ventral	  soft-­‐palate,	  which	  may	  be	  due	  to	  up-­‐regulation	  of	  
αvβ6	  in	  some	  animals	  caused	  by	  inflammation	  and	  wound	  healing	  [307-­‐314].	  	  The	  
observations	  were	  supported	  by	  a	  relative	  abundance	  of	  β6	  RNA	  detected	  in	  these	  tissues	  
by	  RT-­‐PCR.	  	  In	  comparison,	  αvβ3	  was	  detected	  at	  low	  levels	  on	  the	  vasculature	  and	  not	  on	  
the	  epithelial	  cells	  of	  the	  tissues	  investigated,	  suggesting	  that	  this	  integrin	  is	  not	  used	  in	  
cattle.	  	  However	  it	  is	  worth	  noting	  that	  αvβ3	  has	  been	  reported	  as	  being	  expressed	  on	  the	  
epithelial	  cells	  lining	  the	  small	  intestine	  and	  bile	  duct	  of	  pig	  and	  cattle	  [315],	  thus	  αvβ3	  
may	  have	  a	  role	  in	  infection	  in	  vivo	  after	  all.	  	  	  
Within	  lesions	  located	  on	  the	  interdigital	  skin,	  it	  was	  noted	  that	  the	  centre	  of	  the	  lesion	  
had	  the	  strongest	  labelling	  for	  viral	  protein,	  yet	  very	  weak	  labelling	  for	  αvβ6	  protein.	  	  In	  
comparison,	  uninfected	  cells	  showed	  the	  most	  intense	  labelling	  for	  αvβ6	  protein	  in	  the	  
equivalent	  area.	  	  This	  difference	  is	  probably	  due	  to	  host	  cell	  protein	  expression	  and	  
protein	  secretory	  pathways	  being	  inhibited	  by	  FMDV	  infection	  in	  vitro	  [66,	  316].	  	  
Interestingly,	  the	  dorsal	  soft-­‐palate	  and	  flank-­‐skin	  sites	  do	  not	  normally	  develop	  lesions	  in	  
infected	  cattle	  despite	  viral	  RNA	  being	  detected	  in	  the	  early	  stages	  of	  infection	  [317],	  at	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these	  sites	  αvβ6	  integrin	  is	  not	  detected.	  	  It	  is	  unknown	  why	  lesions	  do	  not	  develop	  at	  
these	  sites,	  but	  it	  may	  be	  linked	  to	  the	  ability	  of	  FMDV	  to	  establish	  a	  persistent	  infection,	  
and	  infection	  may	  not	  be	  mediated	  by	  αvβ6	  receptors	  [304].	  	  	  
During	  infection	  and	  wound	  healing	  many	  different	  types	  of	  integrin	  are	  upregulated,	  
including	  αvβ6	  (see	  above).	  	  The	  role	  of	  integrins	  αvβ1	  and	  αvβ8	  in	  in	  vivo	  FMDV	  infection	  
have	  been	  investigated,	  and	  it	  was	  determined	  that	  the	  level	  of	  β1	  integrin	  expression	  did	  
not	  change	  during	  FMDV	  infection	  [304].	  	  However,	  due	  to	  the	  lack	  of	  cross	  reactive	  
antibodies	  the	  role	  of	  integrins	  αvβ1	  and	  αvβ8	  in	  FMDV	  in	  vivo	  infection	  could	  not	  be	  
investigated.	  	  	  The	  observations	  made	  by	  Monaghan	  et	  al	  were	  supported	  by	  findings	  
made	  by	  O’Donnell	  and	  colleagues	  [306].	  	  Thus,	  αvβ6	  appears	  to	  serve	  as	  the	  major	  
receptor	  for	  FMDV	  in	  vivo	  and	  is	  expressed	  on	  epithelial	  tissues	  targeted	  by	  the	  virus.	  
Integrin	  αvβ3	  however,	  although	  expressed	  in	  lower	  amounts	  in	  epithelial	  tissues	  its	  
distribution	  in	  blood	  vessels	  suggests	  that	  this	  integrin	  may	  act	  as	  a	  secondary	  receptor	  
which	  may	  help	  the	  virus	  to	  spread	  to	  secondary	  sites	  of	  infection	  [318].	  	  	  
The	  ability	  of	  FMDV	  to	  utilise	  more	  than	  one	  type	  of	  integrin	  may	  be	  related	  to	  disease	  
progression	  in	  susceptible	  animals.	  	  In	  vitro	  studies	  by	  Duque	  and	  Baxt	  compared	  the	  
binding	  efficiencies	  of	  three	  different	  strains	  of	  type	  A	  FMDV	  and	  two	  different	  strains	  of	  
type	  O	  FMDV	  [294].	  	  All	  three	  type	  A	  viruses	  were	  able	  to	  exploit	  αvβ3	  and	  αvβ6	  with	  high	  
efficiency,	  but	  all	  but	  one	  utilised	  αvβ1	  with	  poor	  efficiency.	  	  In	  comparison,	  both	  type	  O	  
viruses	  used	  αvβ1	  and	  αvβ6	  with	  a	  greater	  efficiency	  than	  αvβ3.	  	  The	  ability	  of	  FMDV	  to	  
have	  multiple	  usage	  of	  integrins	  in	  vitro	  may	  be	  indicative	  of	  the	  use	  of	  multiple	  receptors	  
during	  a	  natural	  infection	  within	  a	  susceptible	  host.	  	  To	  expand	  on	  this	  point,	  field-­‐isolates	  
that	  have	  infected	  susceptible	  animals	  and	  progressed	  to	  secondary	  lesions	  have	  probably	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gained	  capsid	  adaptations	  that	  allow	  them	  to	  bind	  other	  integrins,	  and	  this	  expanded	  
integrin	  usage	  would	  be	  represented	  in	  cell	  culture.	  	  In	  summary,	  the	  key	  to	  FMDVs	  
success	  may	  be	  its	  ability	  to	  exploit	  more	  than	  one	  integrin	  for	  entry.	  	  	  
	  
1.9.4	  The	  role	  of	  the	  integrin	  cytoplasmic	  domain	  in	  post-­‐attachment	  events	  
The	  role	  of	  the	  integrin	  cytoplasmic	  domain	  in	  FMDV	  post-­‐attachment	  events	  is	  not	  fully	  
understood	  and	  the	  literature	  in	  this	  field	  is	  in	  disagreement.	  	  It	  is	  believed	  that	  the	  β-­‐
chain	  cytodomain	  of	  integrins	  is	  important	  for	  endocytosis	  [319,	  320],	  however	  the	  
importance	  of	  the	  β-­‐chain	  in	  FMDV	  entry	  is	  not	  yet	  fully	  understood.	  	  Neff	  &	  Baxt	  [298]	  
reported	  how	  deletion	  of	  the	  cytodomain	  from	  either	  the	  α	  or	  β	  subunits	  did	  not	  affect	  
the	  ability	  of	  αvβ3	  to	  mediate	  infection.	  	  In	  comparison,	  Miller	  et	  al	  [321]	  reported	  that	  
certain	  deletions	  within	  the	  β6	  subunit	  of	  αvβ6	  resulted	  in	  an	  integrin	  that	  could	  still	  bind	  
FMDV	  but	  no	  longer	  mediated	  productive	  infection.	  	  The	  data	  from	  Miller	  et	  al	  suggests	  
that	  the	  β-­‐cytodomain	  of	  αvβ6	  is	  necessary	  for	  post	  attachment	  events	  in	  integrin-­‐
mediated	  infection.	  	  Jackson	  et	  al	  reported	  that	  chimeric	  αvβ6	  integrins	  containing	  the	  
cytoplasmic	  domain	  of	  αvβ8	  (αvβ6/8)	  was	  able	  to	  bind	  FMDV	  but	  no	  longer	  mediated	  
infection	  [129].	  	  Additionally	  it	  was	  poorly	  recognised	  by	  function	  blocking	  antibodies	  
specific	  to	  αvβ6	  which	  suggests	  that	  the	  presence	  of	  the	  β8	  cytoplasmic	  domain	  
somehow	  altered	  the	  αvβ6	  ectodomain	  conformation.	  	  Further	  investigation	  revealed	  
that	  αvβ6	  integrin,	  that	  contained	  deletions	  within	  the	  cytoplasmic	  domain,	  showed	  a	  
decrease	  in	  binding	  for	  αvβ6-­‐specific	  MAbs.	  	  The	  authors	  postulated	  that	  the	  β6	  
cytoplasmic	  domain	  was	  important	  for	  maintaining	  the	  αvβ6	  ectodomain	  in	  a	  
conformation	  that	  allows	  for	  high	  affinity	  binding	  to	  and	  subsequent	  infection	  by	  FMDV.	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Alternatively,	  the	  loss	  in	  infectivity	  may	  have	  been	  due	  to	  defects	  in	  post-­‐attachment,	  
integrin-­‐mediated	  endocytosis	  [319,	  320]	  caused	  by	  the	  loss	  of	  the	  cytoplasmic	  domains.	  	  	  
Although	  FMDV	  binding	  to	  αvβ6	  is	  believed	  to	  lead	  to	  integrin-­‐mediated	  endocytosis,	  the	  
cytodomain	  motifs	  required	  for	  integrin-­‐mediated	  virus	  internalisation	  are	  absent	  from	  
the	  β8	  subunit,	  yet	  αvβ8	  can	  still	  mediate	  productive	  infection.	  	  It	  may	  be	  that	  αvβ8	  can	  
mediate	  FMDV	  infection	  via	  a	  mechanism	  that	  is	  independent	  of	  the	  β-­‐cytodomain.	  	  This	  
view	  is	  supported	  by	  the	  fact	  that	  β8	  is	  highly	  divergent	  from	  the	  other	  β-­‐subunits	  which	  
are	  generally	  homologous	  [288,	  319],	  and	  because	  cytodomain-­‐deleted	  αvβ8	  can	  function	  
as	  a	  competent	  activator	  of	  TGF-­‐β	  [322].	  
To	  summarise,	  αvβ6	  is	  the	  major	  FMDV	  receptor	  in	  vivo	  and	  this	  is	  supported	  by	  a	  variety	  
of	  in	  vitro	  and	  in	  vivo	  data	  described	  above.	  	  However	  other	  integrins	  such	  as	  αvβ3	  may	  
play	  a	  role	  in	  FMDV	  infection	  in	  vivo	  although	  their	  involvement	  is	  not	  yet	  fully	  
understood.	  	  Although	  cytoplasmic-­‐domain	  truncated	  αvβ6	  integrins	  can	  bind	  FMDV,	  the	  
cytoplasmic	  domain	  is	  important	  for	  mediating	  infectivity	  by	  possibly	  activating	  
endocytosis.	  	  The	  endocytosis	  mechanism	  of	  field-­‐isolate	  FMDV	  is	  described	  in	  the	  next	  
section.	  	  
	  
1.9.5	  Clathrin-­‐mediated	  endocytosis	  of	  field-­‐isolate	  FMDV	  
For	  animal	  viruses	  the	  infectious	  pathway	  culminates	  in	  genome	  transmission	  across	  the	  
cellular	  membrane	  to	  the	  site	  of	  replication.	  	  Viruses	  often	  hijack	  pre-­‐existing	  endocytosis	  
mechanisms	  in	  order	  to	  gain	  entry,	  however	  some	  can	  also	  induce	  endocytosis	  by	  
receptor	  binding	  and	  clustering	  (reviewed	  by	  Mercer	  et	  al	  [323]).	  	  Enteroviruses	  interact	  
with	  their	  receptor	  in	  a	  manner	  that	  triggers	  the	  conformational	  structure	  of	  the	  virus	  to	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the	  “altered”	  or	  “A”	  particle	  [324-­‐327].	  	  This	  conformational	  change	  causes	  the	  A	  particle	  
to	  degrade	  to	  an	  80S	  structure	  and	  triggers	  the	  externalisation	  of	  VP4	  and	  the	  N-­‐terminus	  
of	  VP1	  which	  interact	  with	  the	  membrane	  forming	  a	  membrane	  pore,	  thus	  allowing	  
translocation	  of	  the	  genome	  to	  the	  cytosol	  [328-­‐331].	  	  In	  comparison,	  minor-­‐receptor	  
group	  rhinoviruses	  are	  converted	  to	  A	  particles	  via	  the	  acidic	  pH	  within	  endosomes	  [332-­‐
334].	  	  FMDV	  however	  is	  structurally	  unaffected	  by	  its	  interaction	  with	  a	  receptor	  [301,	  
335].	  
The	  endocytosis	  mechanism	  of	  FMDV	  was	  not	  established	  until	  2005	  by	  Berryman	  et	  al	  
and	  later	  confirmed	  by	  O’Donnell	  et	  al	  [336,	  337].	  	  It	  was	  long	  known	  that	  FMDV	  was	  an	  
acid	  activated	  virus,	  as	  infection	  could	  be	  inhibited	  by	  lysomotropic	  agents	  that	  prevent	  
endosomal	  acidification	  [321,	  338-­‐340].	  	  It	  was	  also	  known	  that	  entry	  was	  a	  fairly	  rapid	  
affair,	  taking	  less	  than	  3	  minutes	  to	  infect	  a	  cell	  [93,	  335].	  	  	  
Berryman	  et	  al	  investigated	  the	  early	  events	  of	  infection	  of	  FMDV	  O1Kcad2	  using	  SW480	  
and	  CHO	  cell	  lines	  expressing	  αvβ6.	  	  Entry	  of	  O1Kcad2	  was	  shown	  to	  be	  clathrin-­‐
dependent	  as	  entry	  was	  inhibited	  when	  cells	  were	  treated	  with	  hypertonic	  solutions	  of	  
sucrose,	  which	  is	  known	  to	  inhibit	  clathrin-­‐mediated	  endocytosis	  [341,	  342].	  	  Entry	  was	  
inhibited	  by	  expression	  of	  a	  dominant	  negative	  mutant	  AP180,	  which	  binds	  clathrin	  and	  is	  
required	  for	  the	  clathrin	  cage	  assembly	  [343],	  supporting	  the	  clathrin-­‐dependent	  model.	  	  
The	  involvement	  of	  acidic	  endosomes	  in	  FMDV	  infection	  was	  then	  displayed	  by	  
demonstrating	  that	  cells	  treated	  with	  concanamycin	  A,	  which	  is	  a	  potent	  inhibitor	  of	  the	  
vacuolar	  ATPase	  (thus	  raising	  the	  pH	  within	  cells),	  inhibited	  infection	  by	  95%.	  	  	  
After	  showing	  that	  FMDV	  is	  dependent	  on	  clathrin	  and	  acidic	  endosomes,	  Berryman	  
demonstrated	  that	  FMDV	  does	  not	  require	  trafficking	  to	  late	  endosomes	  as	  treatment	  of	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cells	  with	  nocodazole	  or	  wortmannin,	  which	  interfere	  with	  vesicular	  trafficking	  through	  
the	  endosomal	  network,	  did	  not	  inhibit	  infection.	  	  Nocodazole	  causes	  depolymerisation	  of	  
the	  microtubules	  which	  consequently	  inhibits	  trafficking	  between	  early	  and	  late	  
endosomes,	  and	  wortmannin	  is	  an	  inhibitor	  of	  phosphatidylinositol	  3-­‐kinase,	  which	  is	  
required	  for	  endosomal	  fusion	  and	  membrane	  trafficking.	  	  Therefore,	  both	  drugs	  interfere	  
with	  vesicular	  transport	  between	  early	  and	  late	  endosomes	  [344-­‐348],	  thus	  showing	  that	  
FMDV	  transport	  to	  late	  endosomes	  is	  not	  necessary	  for	  infection.	  	  FMDV	  entry	  was	  also	  
unaffected	  by	  cell	  pre-­‐treatment	  with	  MβCD,	  which	  binds	  plasma	  membrane	  cholesterol	  
and	  removes	  it,	  and	  consequently	  interferes	  with	  the	  production	  of	  lipid-­‐lafts	  and	  the	  
formation	  of	  endosomes	  dependent	  on	  them	  such	  as	  caveolae.	  	  This	  indicates	  that	  
caveolae-­‐mediated	  or	  lipid-­‐raft	  mediated	  endocytosis	  is	  not	  involved	  in	  entry	  of	  field-­‐
isolate	  FMDV.	  	  	  
Immunofluorescence	  microscopy	  was	  used	  to	  investigate	  the	  endocytosis	  mechanism	  of	  
O1Kcad2.	  	  Using	  sucrose-­‐purified	  FMDV,	  Berryman	  found	  that	  surface	  bound	  virus	  was	  
internalised	  rapidly	  and	  collected	  in	  vesicular	  structures	  in	  the	  periphery	  of	  the	  cell.	  	  Co-­‐
localisation	  studies	  revealed	  that	  FMDV	  co-­‐localised	  with	  EEA-­‐1	  (a	  marker	  for	  early	  
endosomes)	  and	  transferrin	  (a	  marker	  for	  clathrin-­‐mediated	  endocytosis)	  after	  5	  minutes	  
entry.	  	  After	  15	  minutes,	  virus	  was	  co-­‐localised	  with	  transferrin	  and	  transferrin	  receptor,	  
which	  is	  indicative	  of	  recycling	  endosomes.	  	  No	  co-­‐localisation	  of	  virus	  was	  seen	  with	  
LAMP-­‐2,	  a	  marker	  of	  early	  endosomes.	  	  Caveolae	  was	  also	  ruled	  out	  as	  being	  involved	  in	  
virus	  entry	  in	  SW480	  and	  CHO	  cells,	  as	  SW480	  cells	  were	  found	  to	  lack	  caveolin-­‐1,	  and	  
virus	  did	  not	  co-­‐localise	  with	  caveolin-­‐1	  in	  CHO	  cells.	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The	  findings	  of	  Berryman	  et	  al	  were	  replicated	  by	  O’Donnell	  et	  al	  [337].	  	  O’Donnell	  
investigated	  entry	  of	  FMDV	  types	  A12	  strain	  119ab	  (A12)	  and	  O1	  Campos	  (O1C)	  in	  MCF-­‐10A	  
cells	  that	  expressed	  bovine	  αvβ3	  or	  αvβ6.	  	  O’Donnell	  used	  MCF-­‐10A	  cells,	  which	  are	  
human	  mammary	  gland	  epithelial	  cells,	  over	  bovine	  or	  porcine	  cells	  due	  to	  the	  better	  
availability	  of	  antibodies	  against	  human	  intracellular	  organelles.	  	  O’Donnell	  replicated	  the	  
findings	  of	  Berryman	  et	  al	  and	  made	  several	  additions	  to	  this	  field.	  	  They	  discovered	  that	  
both	  viruses	  co-­‐localised	  with	  integrin	  at	  the	  cell-­‐surface,	  however	  A12	  and	  O1C	  both	  
showed	  preferential	  binding	  to	  αvβ6,	  which	  is	  consistent	  with	  previous	  reports	  of	  αvβ6	  
acting	  as	  a	  high	  affinity	  receptor	  [301].	  	  The	  authors	  detected	  co-­‐localisation	  of	  virus	  with	  
clathrin	  after	  5	  minutes	  entry,	  however	  this	  disappeared	  after	  30	  minutes	  which	  is	  
probably	  due	  to	  the	  clathrin-­‐cage	  uncoating	  after	  separation	  from	  the	  plasma	  membrane	  
[349].	  	  O’Donnell	  et	  al	  also	  showed	  that	  the	  ER	  or	  Golgi	  is	  not	  used	  by	  the	  virus	  during	  
internalization	  events,	  as	  co-­‐localisation	  was	  not	  seen	  in	  these	  structures.	  
The	  endocytosis	  studies	  by	  Berryman	  and	  O’Donnell	  was	  carried	  out	  in	  human	  or	  hamster	  
cell	  lines	  which	  are	  not	  natural	  hosts	  of	  FMDV.	  	  Later	  work	  by	  Martin-­‐Acebes	  et	  al	  [350],	  
and	  Johns	  et	  al	  [230]	  investigated	  endocytosis	  of	  FMDV	  type	  C	  (C-­‐S8cs1)	  and	  FMDV	  
O1Kcad2	  respectively	  in	  IBRS2	  cells.	  	  IBRS2	  cells	  are	  derived	  from	  pig	  kidneys	  and	  have	  
historically	  been	  used	  in	  FMDV	  investigations	  (see	  vaccine	  production),	  they	  also	  express	  
αvβ8.	  	  Both	  authors	  confirmed	  the	  role	  of	  clathrin-­‐mediated	  endocytosis	  in	  FMDV	  entry	  in	  
IBRS2	  cells.	  	  This	  was	  important	  as	  this	  work	  was	  the	  first	  to	  investigate	  endocytosis	  in	  
cells	  from	  a	  natural	  host;	  it	  further	  supported	  the	  notion	  that	  FMDV	  is	  an	  acid-­‐activated	  
virus	  that	  traffics	  to	  early	  endosomes.	  	  Martin-­‐Acebes	  however	  claimed	  that	  clathrin-­‐
mediated	  enbdocytosis	  was	  dependent	  on	  plasma	  membrane	  cholesterol,	  however	  it	  has	  
since	  been	  determined	  that	  high	  concentrations	  of	  MβCD	  have	  unintended	  consequences	  
72	  
on	  clathrin-­‐mediated	  endocytosis.	  	  Johns	  et	  al	  also	  investigated	  the	  role	  of	  rab	  proteins,	  
which	  control	  multiple	  membrane	  trafficking	  events	  in	  the	  cell,	  in	  IBRS2	  cells.	  	  	  Johns	  
confirmed	  that	  O1Kcad2	  was	  internalised	  via	  clathrin-­‐mediated	  endocytosis	  in	  IBRS2	  cells,	  
and	  that	  a	  low	  pH	  was	  required.	  	  As	  with	  O1Kcad2	  in	  SW480-­‐αvβ6	  cells,	  FMDV	  infection	  in	  
IBRS2	  did	  not	  require	  microtubules,	  suggesting	  infection	  takes	  place	  within	  the	  early	  
endosomes	  or	  from	  peri-­‐nuclear	  recycling	  endosomes	  (PNRE).	  	  In	  addition	  to	  confirming	  
the	  role	  of	  clathrin	  and	  acidity	  in	  FMDV	  infection,	  Johns	  et	  al	  investigated	  the	  role	  of	  rab	  
proteins	  in	  FMDV	  infection	  using	  dominant-­‐negative	  (DN)	  versions	  of	  the	  proteins.	  	  Rab	  5	  
regulates	  the	  fusion	  of	  incoming	  vesicles	  with	  EE,	  however	  expression	  of	  DN	  rab5	  was	  
shown	  to	  inhibit	  infection	  by	  80%	  which	  was	  likely	  due	  to	  the	  failure	  of	  incoming	  
infectious	  virus	  to	  reach	  acidic	  endosomes.	  	  In	  comparison,	  rab7	  regulates	  traffic	  from	  EE	  
to	  LE,	  and	  from	  LE	  to	  Lysosomes,	  when	  a	  DN	  rab7	  was	  expressed	  almost	  no	  effect	  was	  
seen	  on	  infection,	  suggesting	  FMDV	  does	  not	  need	  to	  traffic	  to	  late	  endosomes	  or	  
lysosomes.	  	  Finally,	  the	  effects	  of	  DN	  inhibitors	  of	  rab4	  and	  rab11	  were	  investigated.	  	  
Rab4	  is	  associated	  with	  EE	  and	  regulates	  a	  rapid	  recycling	  pathway	  to	  the	  PM,	  whereas	  
rab11	  is	  mainly	  located	  on	  the	  PNRE	  and	  regulates	  a	  slower	  recycling	  pathway	  to	  the	  PM.	  	  
DN	  rab4	  did	  not	  noticeably	  change	  infection,	  however	  DN	  rab11	  did	  reduce	  infection	  by	  
35%,	  indicating	  that	  at	  least	  some	  infection	  may	  take	  place	  from	  within	  the	  PNRE.	  	  	  
In	  summary,	  field-­‐isolate	  FMDV	  binds	  to	  integrins	  and	  is	  internalised	  rapidly	  (less	  than	  5	  
mins)	  via	  clathrin-­‐mediated	  endocytosis	  and	  traffics	  to	  early	  and	  recycling	  endosomes,	  
possibly	  by	  a	  mechanism	  that	  regulates	  receptor	  recycling.	  Here,	  the	  acidic	  conditions	  
cause	  dissociation	  of	  the	  viral	  capsid	  and	  genome	  translocation	  to	  the	  cytosol	  by	  an	  
unknown	  mechanism.	  	  FMDV	  does	  not	  traffic	  to	  late	  endosomes	  or	  lysosomes	  (however	  if	  
it	  does	  then	  it	  has	  not	  been	  detected	  doing	  so),	  and	  caveolin-­‐1,	  thus	  cavaolae,	  has	  no	  role	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in	  entry.	  	  
	  
1.9.6	  Heparan-­‐sulphate	  proteoglycan	  receptors	  and	  caveolae	  mediated	  endocytosis	  
Heparan	  sulphate	  is	  an	  anionic	  polysaccharide	  that	  is	  composed	  of	  polymers	  of	  
disaccharide	  repeats	  of	  L-­‐iduronic	  acid	  and	  D-­‐glucosamine.	  	  The	  polysaccharide	  
components	  are	  covalently	  attached	  to	  core	  proteins	  to	  form	  proteoglycans,	  and	  are	  
almost	  expressed	  universally	  on	  all	  cell	  types.	  	  They	  form	  an	  important	  part	  of	  the	  
extracellular	  matrix	  and	  of	  integral	  membrane	  proteins.	  The	  chains	  are	  structurally	  
heterogeneous	  and	  bind	  to	  a	  wide	  spectrum	  of	  proteins,	  thus	  they	  allow	  the	  cell	  to	  bind	  a	  
large	  repertoire	  of	  extracellular	  effectors	  without	  the	  need	  for	  multiple	  specific	  binding	  
proteins	  [351,	  352].	  	  	  
Heparan-­‐sulphate	  (HS)	  was	  originally	  believed	  to	  be	  the	  initial	  point	  of	  contact	  between	  
type	  O	  FMDV	  and	  a	  cell,	  perhaps	  by	  acting	  as	  a	  co-­‐receptor	  or	  enhancer	  of	  cell	  entry	  
[353].	  	  Jackson	  et	  al	  originally	  showed	  that	  type	  O	  FMDV	  had	  a	  natural	  affinity	  for	  HS,	  and	  
that	  binding	  to	  PFM-­‐fixed	  cells	  could	  be	  inhibited	  by	  treatment	  with	  heparin	  which	  is	  a	  
strong	  competitor	  of	  HS	  [353].	  	  However	  it	  has	  since	  been	  established	  that	  HS	  is	  used	  as	  
an	  alternative	  receptor	  and	  the	  ability	  to	  use	  HS	  arises	  when	  FMDV	  is	  adapted	  to	  grow	  in	  
cell	  culture.	  This	  has	  since	  been	  demonstrated	  for	  several	  other	  FMDV	  serotypes.	  	  These	  
include;	  type	  A	  [32,	  39,	  354],	  C	  [355-­‐357],	  SAT1	  and	  SAT2	  [358,	  359].	  	  Viruses	  that	  bind	  HS	  
are	  characterised	  by	  having	  a	  small	  plaque	  phenotype,	  and	  an	  increased	  cell	  tropism	  for	  
cultured	  cells.	  	  Hence,	  HS-­‐binding	  FMDV	  can	  infect	  cells	  not	  normally	  permissible	  to	  field-­‐
isolates,	  such	  as	  CHO	  (which	  lack	  integrins)	  and	  K562	  [292,	  353,	  355,	  360].	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The	  ability	  to	  use	  HS	  as	  an	  alternative	  receptor	  arises	  via	  numerous	  surface	  exposed	  
capsid	  mutations,	  however	  the	  most	  significant	  are	  located	  at	  VP3	  56,	  which	  in	  subtype	  O	  
changes	  to	  arginine,	  and	  VP3	  60,	  which	  changes	  to	  glycine	  [39,	  360].	  	  The	  net	  effect	  is	  the	  
acquisition	  of	  a	  positive	  charge	  on	  the	  surface	  of	  VP3	  which	  is	  repeated	  60	  times	  across	  
the	  capsid,	  increasing	  the	  net	  overall	  charge	  and	  allowing	  the	  capsid	  to	  interact	  with	  
negatively	  charged	  HS	  molecules.	  	  The	  surface	  exposed	  residues	  associated	  with	  HS-­‐
binding	  cluster	  together	  and	  form	  a	  shallow	  depression	  at	  the	  intersection	  of	  the	  three	  
main	  viral	  proteins;	  VP1,	  VP2	  and	  VP3,	  to	  form	  a	  “pocket”.	  	  HS	  makes	  ionic	  interactions	  
with	  the	  residues	  located	  in	  this	  pocket,	  and	  the	  shape	  complementarity	  possibly	  
contributes	  to	  the	  receptor	  specificity.	  	  The	  interaction	  is	  of	  a	  high	  affinity,	  which	  may	  be	  
achieved	  by	  the	  flexible	  sugar	  chains	  of	  HS	  wrapping	  themselves	  around	  the	  virus	  and	  
thus	  attaching	  to	  multiple	  binding	  sites	  on	  the	  capsid	  surface,	  and	  possibly	  even	  multiple	  
virus	  particles	  [39].	  	  The	  interaction	  with	  HS	  was	  later	  studied	  with	  serotype	  A1061,	  where	  
the	  binding	  site	  was	  found	  to	  be	  relatively	  conserved	  suggesting	  that	  FMDV	  may	  be	  
predisposed	  to	  adapting	  the	  HS-­‐binding	  site	  [32].	  	  The	  interaction	  of	  HS	  with	  A1061	  was	  
found	  to	  be	  more	  ionic	  and	  of	  a	  lower	  affinity	  than	  with	  O1BFS,	  but	  was	  most	  likely	  still	  
specific.	  	  	  
The	  ability	  to	  use	  HS	  as	  an	  alternative	  receptor	  in	  vitro	  is	  clearly	  an	  advantage	  as	  the	  
mutation	  arises	  after	  only	  a	  few	  passages	  in	  cell	  culture	  [360].	  	  It	  has	  also	  been	  suggested	  
that	  in	  field-­‐isolate	  FMDV,	  low	  affinity	  interactions	  with	  HS	  may	  be	  required	  to	  
concentrate	  the	  virus	  at	  the	  cell	  surface	  until	  an	  integrin	  can	  be	  found	  [39].	  	  Although	  the	  
ability	  to	  bind	  HS	  is	  an	  advantage	  in	  cell	  culture,	  HS-­‐adapted	  FMDV	  is	  attenuated	  in	  cattle,	  
and	  infection	  by	  HS	  binding	  viruses	  leads	  to	  reverent	  viruses	  that	  lose	  their	  ability	  to	  bind	  
HS.	  	  This	  suggests	  that	  a	  high	  affinity	  for	  HS	  is	  a	  disadvantage	  during	  natural	  infection,	  and	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that	  the	  HS	  binding	  variants	  are	  quickly	  selected	  against.	  	  	  A	  later	  study	  by	  Botner	  et	  al	  
investigated	  growth	  of	  chimeric	  viruses	  in	  cell	  culture	  and	  in	  cattle	  [361].	  Live	  virus	  was	  
rescued	  from	  cDNA	  constructs	  containing	  the	  capsid	  sequence	  from	  field-­‐isolate	  
O/UKG/34/2001	  or	  A/Turkey/2/2006	  in	  the	  backbone	  of	  the	  heavily	  cell	  culture	  adapted	  
O1K	  B64	  cDNA.	  	  A	  control	  virus	  made	  from	  the	  O1K	  B64	  template	  was	  also	  included;	  this	  
virus	  contains	  the	  HS-­‐binding	  residues.	  	  All	  of	  the	  rescued	  viruses	  grew	  well	  in	  primary	  
bovine	  thyroid	  cells	  (pBTY),	  however	  O1K	  B64	  grew	  better	  in	  BHK-­‐21.	  	  When	  these	  viruses	  
were	  inoculated	  into	  cattle,	  the	  chimeric	  viruses	  produced	  typical	  signs	  of	  foot-­‐and-­‐
mouth	  disease	  however	  the	  cell	  culture	  adapted	  variant	  (O1K	  B64)	  was	  attenuated.	  	  This	  
supports	  the	  view	  that	  the	  capsid	  protein	  mediates	  pathogenesis	  and	  symptoms	  as	  all	  
three	  viruses	  had	  the	  same	  non-­‐structural	  proteins	  but	  only	  O1K	  B64	  had	  the	  HS-­‐binding	  
residues.	  	  It	  may	  be	  that	  the	  excessive	  presence	  of	  positive	  charges	  on	  the	  capsid	  surface	  
may	  cause	  the	  virus	  to	  be	  “mopped	  up”	  by	  circulating	  blood	  plasma	  albumin.	  	  
Alternatively,	  the	  HS	  binding	  residues	  may	  interfere	  with	  cell-­‐cell	  transmission	  as	  the	  virus	  
may	  aggregate	  with	  membrane	  debris.	  	  	  
HS-­‐binding	  FMDV	  has	  been	  shown	  to	  enter	  cells	  via	  caveolae	  mediated	  endocytosis	  [362].	  	  
O’Donnell	  et	  al	  investigated	  the	  endocytosis	  mechanisms	  of	  three	  variants	  of	  O1Campos	  
in	  MCF-­‐10A	  and	  COS-­‐1	  cells.	  	  Each	  variant	  was	  engineered	  to	  bind	  a	  different	  repertoire	  of	  
receptors;	  O1Campos	  is	  a	  field-­‐isolate	  and	  therefore	  only	  binds	  integrins,	  O1C3056R	  could	  
bind	  integrins	  but	  could	  also	  bind	  HS,	  whereas	  O1C3056R-­‐KGE	  could	  only	  bind	  HS	  as	  it	  had	  
a	  KGE	  in	  place	  of	  the	  RGD.	  	  As	  expected,	  O1Campos	  could	  only	  infect	  cells	  that	  expressed	  
integrins,	  whereas	  O1C3056R	  could	  infect	  cells	  lacking	  integrins	  via	  its	  usage	  of	  HS.	  	  
O1C2056R-­‐KGE	  could	  only	  infect	  cells	  that	  expressed	  HS.	  	  The	  most	  interesting	  
observations	  came	  when	  the	  endocytosis	  mechanisms	  were	  investigated.	  	  O1C3056R-­‐KGE	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was	  found	  to	  use	  an	  endocytosis	  mechanism	  that	  was	  completely	  different	  to	  O1Campos.	  
O1C3056-­‐KGE	  moved	  through	  the	  endocytic	  pathway	  at	  a	  slower	  rate,	  and	  co-­‐localised	  
with	  intra-­‐cellular	  markers	  of	  endocytosis	  (such	  as	  TfnR)	  at	  a	  later	  time-­‐point	  than	  
O1Campos.	  	  Entry	  of	  O1C3056-­‐KGE	  was	  not	  sensitive	  to	  nocodazole	  (which	  inhibits	  
Clathrin-­‐mediated	  endocytosis),	  and	  O1C3056-­‐KGE	  co-­‐localised	  with	  alexa-­‐fluor	  
conjugated	  transferrin	  at	  a	  much	  later	  time	  point	  than	  field-­‐isolate	  O1Campos	  (30	  mins	  
post-­‐entry	  as	  opposed	  to	  5	  mins).	  	  Furthermore,	  O1C3056-­‐KGE	  co-­‐localised	  with	  the	  Golgi-­‐
zone,	  which	  is	  not	  seen	  in	  field-­‐isolate	  FMDV	  and	  is	  a	  strong	  indicator	  that	  this	  virus	  was	  
using	  a	  different	  internalisation	  mechanism.	  	  Finally,	  entry	  of	  O1C3056-­‐KGE	  was	  sensitive	  
to	  reagents	  that	  disrupt	  the	  formation	  of	  lipid-­‐rafts	  and	  caveolea,	  such	  as	  nystatin	  or	  
cytochalasin	  D,	  and	  was	  sensitive	  to	  caveolin-­‐1	  knockdown	  (an	  important	  component	  of	  
caveolae).	  	  	  
Many	  other	  viruses	  can	  utilise	  multiple	  receptors,	  for	  example;	  herpes	  simplex	  virus	  (HSV)	  
can	  use	  nectin-­‐1	  or	  the	  TNF/NGF	  family	  of	  receptors	  for	  entry	  [363,	  364],	  measles	  virus	  
can	  use	  PVRL4	  (nectin4)	  and	  SLAM	  (CDw150)	  [365,	  366],	  and	  human	  T-­‐cell	  lymphotropic	  
virus	  type	  1	  (HTLV-­‐1)	  that	  can	  use	  the	  ubiquitous	  glucose	  transporter	  GLUT-­‐1	  or	  
neurophilin-­‐1	  [367,	  368].	  	  The	  receptor	  a	  virus	  uses	  defines	  its	  uptake	  mechanism,	  and	  
this	  was	  the	  first	  time	  FMDV	  was	  demonstrated	  to	  be	  able	  to	  use	  two	  different	  
endocytosis	  mechanisms.	  	  It	  was	  interesting	  to	  note	  that	  in	  the	  study	  above,	  the	  field-­‐
isolate	  virus	  exclusively	  used	  Clathrin-­‐mediated	  endocytosis,	  O1C3056-­‐KGE	  exclusively	  
used	  caveolae-­‐mediated	  endocytosis,	  however	  O1C3056R	  could	  use	  Clathrin-­‐mediated	  of	  
caveolae-­‐mediated	  endocytosis	  as	  it	  could	  bind	  either	  integrins	  or	  HS.	  	  The	  ability	  to	  
exploit	  multiple	  receptors	  and	  thus	  be	  internalised	  via	  different	  pathways	  gives	  viruses	  
flexibility	  and	  adaptability.	  	  It	  is	  not	  known	  how	  significant	  the	  HS-­‐caveolae-­‐mediated	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entry	  mechanism	  in	  vivo	  is,	  but	  the	  ability	  to	  use	  multiple	  receptors	  and	  entry	  
mechanisms	  is	  documented	  in	  other	  Picornaviruses.	  For	  example;	  Enterovirus	  71	  (EV71),	  
which	  is	  the	  causative	  agent	  of	  hand,	  foot	  and	  mouth	  disease,	  can	  bind	  to	  P-­‐selectin	  
glycoprotein	  ligand-­‐1	  (PSGL-­‐1)	  or	  human	  scavenger	  receptor	  class	  B,	  member	  2	  (SCARB2)	  
[263,	  369-­‐372].	  	  Binding	  to	  SCARB2	  causes	  the	  virus	  to	  be	  internalised	  via	  Clathrin-­‐
mediated	  endocytosis,	  whereas	  binding	  to	  PSGL-­‐1	  initiates	  caveolae-­‐mediated	  
endocytosis	  [263,	  369,	  372].	  	  EV71	  is	  dependent	  on	  endosomal	  acidification	  to	  initiate	  
infection,	  therefore	  both	  entry	  mechanisms	  are	  likely	  to	  merge	  with	  acidic	  endosomes.	  	  	  
Thus,	  multiple	  receptor	  usage	  is	  widespread	  throughout	  the	  virus-­‐world,	  and	  differential	  
cellular	  receptors	  determine	  the	  pathway	  of	  endocytosis.	  	  
	  
1.9.7	  Other	  FMDV	  receptors	  
There	  are	  additional	  examples	  of	  receptor	  usage	  by	  FMDV	  that	  is	  not	  mediated	  by	  the	  
RGD	  or	  the	  HS-­‐binding	  residues.	  	  For	  example,	  antibody	  complexed	  FMDV	  has	  been	  
shown	  to	  infect	  CHO	  cells	  expressing	  the	  B2	  isoform	  of	  the	  murine	  Fc	  receptor	  (FcR)	  [373],	  
and	  was	  later	  shown	  to	  infect	  murine	  or	  porcine	  macrophages	  via	  the	  same	  mechanism	  
[374].	  	  Furthermore,	  bovine	  monocyte-­‐derived	  dendritic	  cells	  (MoDC),	  which	  are	  not	  
normally	  susceptible	  to	  integrin-­‐binding	  FMDV	  but	  are	  to	  cell	  culture	  FMDV,	  can	  be	  can	  
be	  made	  susceptible	  to	  FMDV	  when	  antibody	  complexed	  	  [375].	  	  The	  susceptibility	  is	  
acquired	  when	  FMDV	  is	  immune-­‐complexed	  with	  neutralizing	  or	  sub-­‐neutralizing	  
concentrations	  of	  IgG	  antibody	  which	  allows	  binding	  and	  entry	  via	  CD32	  receptor	  (FcγR).	  	  
This	  is	  important	  as	  infected	  MoDC	  cannot	  efficiently	  stimulate	  FMDV	  specific	  CD4+	  
memory	  T	  cells,	  which	  may	  explain	  why	  the	  in	  vivo	  response	  to	  FMDV	  has	  evolved	  
towards	  T	  cell	  independence.	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Mutations	  within	  the	  RGD	  are	  also	  often	  seen	  when	  FMDV	  is	  serially	  passaged	  in	  cell-­‐
culture,	  and	  often	  arise	  due	  to	  selection	  pressure	  from	  soluble	  integrins	  and/or	  
antibodies.	  	  For	  example,	  Rieder	  et	  al	  isolated	  a	  strain	  of	  A24	  Cruzeiro	  (A24Cru),	  which	  had	  
been	  serially	  passaged	  in	  cattle	  that	  contained	  a	  SGD	  in	  the	  integrin	  binding	  site	  [376].	  	  
This	  virus	  grew	  poorly	  in	  BHK-­‐21	  cells,	  produced	  turbid	  plaque	  morphology,	  but	  stably	  
maintained	  its	  SGD	  in	  BHK-­‐21	  cells	  expressing	  αvβ6	  and	  experimentally	  infected	  steers.	  	  
The	  SGD	  virus	  only	  used	  αvβ6	  with	  high	  efficiency,	  but	  revertent	  viruses	  that	  contained	  
RGD	  used	  αvβ1	  or	  αvβ3	  with	  higher	  efficiency	  than	  αvβ6.	  	  This	  study	  suggested	  that	  
viruses	  without	  an	  RGD,	  but	  with	  a	  sequence	  close	  to	  it	  could	  still	  be	  infectious	  for	  cattle	  
and	  cell	  culture.	  	  A	  later	  study	  by	  Lawrence	  et	  al	  investigated	  mutations	  in	  the	  G-­‐H	  loop	  
that	  occur	  when	  FMDV	  is	  put	  under	  selective	  pressure	  from	  soluble	  secreted	  αvβ6	  
(ssαvβ6)	  [354].	  	  The	  authors	  found	  that	  when	  FMDV	  A24Cru	  is	  passaged	  in	  sub-­‐neutralising	  
levels	  of	  ssαvβ6	  two	  classes	  of	  escape	  mutants	  emerge.	  	  The	  first	  class	  (highly	  resistant	  
mutants)	  circumvent	  ssαvβ6	  treatment	  via	  a	  G145D	  mutation	  in	  the	  RGD,	  thus	  RGD	  
mutated	  to	  RDD,	  but	  did	  not	  evolve	  to	  use	  HS.	  	  It	  was	  suggested	  that	  this	  mutation	  may	  
cause	  structural	  changes	  in	  the	  integrin-­‐binding	  motif	  that	  may	  allow	  it	  to	  bind	  to	  host	  
cells	  via	  αvβ6.	  	  This	  mutation	  has	  been	  observed	  in	  wild-­‐type	  FMDV	  from	  argentina;	  A25-­‐
Arg/59,	  A25-­‐Arg/61	  [354].	  	  The	  second	  class	  (moderately	  resistant)	  maintained	  affinity	  for	  
αvβ6,	  but	  were	  also	  able	  to	  use	  HS	  or	  an	  unidentified	  third	  mechanism.	  	  In	  this	  class,	  the	  
RGD	  remained	  intact,	  but	  a	  mutation	  arose	  at	  the	  RGD	  +4	  position,	  where	  leucine	  
changed	  to	  proline	  or	  arginine	  (L150P/R).	  	  Interestingly,	  one	  variant	  was	  able	  to	  grow	  on	  
CHO-­‐677	  cells,	  which	  lack	  integrins	  and	  HS,	  suggesting	  it	  was	  able	  to	  bind	  to	  an	  unknown	  
receptor	  and	  be	  internalised	  by	  an	  unknown	  mechanism.	  	  It	  is	  unknown	  whether	  the	  
(L150R)	  mutation	  alone	  was	  responsible	  for	  this	  change	  in	  tropism,	  and	  the	  authors	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acknowledge	  that	  further	  research	  is	  needed.	  	  Thus,	  there	  appears	  to	  be	  plasticity	  when	  it	  
comes	  to	  the	  RGD	  mediated	  integrin-­‐binding.	  	  	  
Adaptation	  to	  cell-­‐culture	  has	  occurred	  in	  different	  FMDV	  serotypes	  via	  the	  acquisition	  of	  
positively	  charged	  residues	  at	  the	  5-­‐fold	  axis	  of	  symmetry.	  	  For	  example,	  Berryman	  et	  al	  
showed	  that	  a	  chimeric	  virus	  containing	  the	  capsid	  of	  A/Turkey/2/2006	  gained	  the	  ability	  
to	  infect	  CHO	  and	  HS-­‐deficient	  CHO	  cells	  (CHO-­‐677)	  via	  a	  single	  change	  in	  VP1;	  VP1	  110	  
glutamine	  (Q)	  to	  lysine	  (K)	  (VP1-­‐Q110K)	  [377].	  	  This	  ability	  was	  also	  demonstrated	  in	  OUKG	  
and	  Asia-­‐1/Bar9/2009,	  however	  the	  ability	  of	  all	  three	  viruses	  to	  infect	  CHO	  cells	  was	  also	  
dependent	  on	  the	  presence	  of	  a	  lysine	  at	  VP1	  109.	  	  The	  VP1-­‐Q110K	  change	  also	  enhanced	  
the	  interaction	  of	  the	  virus	  with	  αvβ6	  as	  viruses	  containing	  a	  RGD	  to	  KGE	  mutation	  in	  the	  
integrin	  binding	  motif	  were	  still	  able	  to	  use	  αvβ6	  as	  a	  receptor	  so	  long	  as	  they	  had	  lysine	  
at	  VP1	  110.	  	  It	  was	  suggested	  that	  the	  presence	  of	  two	  lysines	  at	  VP1	  109-­‐110	  create	  a	  
dense	  patch	  of	  positive	  charge	  surrounding	  the	  five-­‐fold	  axis	  of	  symmetry	  on	  the	  capsid	  
surface,	  thereby	  allowing	  the	  virion	  to	  interact	  with	  negatively	  charged	  GAGs.	  	  This	  
phenomenon	  was	  also	  reported	  by	  Marree	  et	  al	  [359].	  	  Marree	  and	  colleagues	  identified	  
residues	  on	  VP1	  that	  were	  associated	  with	  cell	  culture	  adaptation	  in	  SAT	  type	  viruses.	  	  A	  
SAT1	  virus	  was	  found	  to	  adapt	  to	  cell-­‐culture	  via	  the	  acquisition	  of	  positively	  charged	  
residues	  at	  VP1	  110-­‐112,	  and	  a	  SAT2	  virus	  adapted	  via	  the	  acquisition	  of	  positive	  residues	  
at	  positions	  83	  and	  85	  of	  the	  βD-­‐βE	  loop	  of	  VP1.	  	  Both	  regions	  surround	  the	  five-­‐fold	  axis	  
of	  symmetry	  and	  likely	  form	  a	  dense	  patch	  of	  positive	  charge	  that	  enables	  the	  virus	  to	  
interact	  with	  GAGs	  in	  a	  similar	  fashion	  to	  that	  reported	  by	  Berryman	  et	  al	  	  [358,	  359].	  	  
Zhao	  et	  al	  [378]	  also	  reported	  a	  Cathay	  topotype	  isolate	  of	  FMDV	  serotype	  O	  from	  China	  
(O/CHA/90)	  that	  had	  an	  expanded	  host	  range	  and	  did	  not	  require	  cell-­‐surface	  HS	  as	  a	  
receptor.	  	  A	  variant	  of	  this	  virus	  that	  had	  an	  RGD-­‐KGE	  mutation	  (therefore	  unable	  to	  use	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integrins)	  was	  still	  infectious	  and	  not	  dependent	  on	  HS	  in	  cell-­‐culture.	  	  It	  was	  discovered	  
that	  a	  group	  of	  residues	  surrounding	  the	  five-­‐fold	  axis	  of	  symmetry	  mediated	  cell-­‐tropism	  
and	  its	  pathogenicity	  in	  pigs.	  	  The	  accumulation	  of	  positively	  charged	  residues	  at	  the	  five-­‐
fold	  axis	  has	  been	  observed	  in	  coxsackievirus	  A9	  (CAV9)	  too,	  and	  is	  thought	  to	  enable	  the	  
virus	  to	  interact	  with	  HS	  [379].	  	  Thus,	  it	  would	  appear	  that	  different	  picornaviruses	  can	  
adapt	  to	  cell	  culture	  and	  expand	  their	  cell	  tropism	  by	  simply	  changing	  one	  or	  two	  surface	  
exposed	  residues,	  highlighting	  the	  plasticity	  of	  host-­‐cell	  interactions	  in	  picornaviruses.	  	  
Not	  all	  capsid	  changes	  in	  FMDV	  occur	  in	  the	  integrin-­‐binding	  region	  of	  the	  five-­‐fold	  axis	  of	  
symmetry.	  	  There	  have	  been	  numerous	  reports	  of	  cell-­‐culture	  adaptation	  that	  arises	  due	  
to	  novel	  capsid	  mutations,	  and	  there	  have	  even	  been	  reports	  of	  infectious	  viruses	  that	  
completely	  lack	  a	  functional	  RGD.	  	  	  
For	  example,	  Anil	  et	  al	  investigated	  capsid	  changes	  in	  FMDV	  A	  IND	  40/2000	  that	  was	  
serially	  passaged	  in	  BHK-­‐21	  cell	  suspensions	  of	  monolayers	  [380].	  	  Although	  numerous	  
capsid	  changes	  were	  seen,	  Anil	  et	  al	  identified	  a	  few	  capsid	  “hotspots”	  that	  were	  prone	  to	  
change,	  a	  few	  of	  which	  were	  located	  in	  critical	  antigenic	  sites	  [49,	  50,	  381,	  382].	  	  These	  
changes	  were	  commonly	  seen	  in;	  VP2	  79	  which	  changed	  from	  glutamic	  acid	  to	  alanine	  or	  
glycing	  (VP2	  79	  E	  →	  A/G),	  	  	  VP3	  139	  lysine	  to	  glutamic	  acid	  (VP3	  139	  K	  →	  E)	  and	  VP1	  154	  
isoleucine	  to	  asparagine	  (VP1	  154	  I	  →N),	  and	  had	  the	  potential	  to	  change	  the	  antigenic	  
profile	  of	  the	  virus.	  	  The	  most	  interesting	  and	  frequent	  changes	  however	  were	  seen	  at	  
VP2	  129,	  which	  changed	  from	  tryptophan	  to	  arginine,	  and	  131,	  which	  changed	  from	  
glutamic	  acid	  to	  lysine.	  	  VP2	  131	  is	  located	  in	  the	  HS-­‐binding	  pocket	  of	  type	  A	  viruses	  [32,	  
39]	  and	  may	  provide	  HS-­‐binding	  potential	  by	  providing	  ionic	  interaction.	  	  VP2	  129	  and	  131	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are	  also	  structurally	  close	  to	  one-­‐another	  so	  may	  provide	  synergistic	  interactions	  to	  
create	  a	  dense	  patch	  of	  positive	  charge	  on	  the	  capsid	  surface.	  	  	  
There	  are	  reports	  of	  viruses	  that	  lack	  a	  functional	  RGD,	  yet	  are	  still	  infectious.	  One	  
example	  is	  FMDV	  C-­‐S8c1	  [355].	  	  A	  heavily	  BHK-­‐21	  passaged	  variant	  of	  this	  virus	  (C-­‐
S8c1p100RGG)	  that	  was	  plaque	  purified	  was	  found	  to	  have	  an	  asparagine	  to	  glycine	  
change	  at	  VP1	  143,	  thus	  it	  had	  RGG	  in	  place	  of	  RGD.	  	  This	  virus	  was	  able	  to	  infect	  K-­‐562	  ,	  
BHK-­‐21	  cells	  in	  an	  integrin-­‐independent	  manner,	  and	  although	  it	  showed	  an	  enhanced	  
affinity	  for	  HS,	  binding	  to	  HS	  was	  not	  required	  for	  efficient	  replication	  in	  GAG-­‐deficient	  
CHO	  cells.	  	  This	  virus	  also	  retained	  the	  ability	  to	  use	  αvβ3	  as	  a	  receptor.	  It	  was	  postulated	  
that	  this	  virus	  was	  capable	  of	  simultaneously	  using	  three	  different	  receptors	  and	  three	  
different	  pathways	  for	  host	  entry	  into	  the	  same	  cell	  type.	  	  Although	  the	  residues	  
responsible	  for	  allowing	  integrin	  independent	  and	  HS	  independent	  binding	  were	  not	  
identified,	  changes	  were	  seen	  in	  VP1,	  VP2	  and	  VP2	  that	  included	  the	  acquisition	  of	  
positive	  residues	  at	  positions	  VP3	  173	  and	  218,	  VP1	  197,	  and	  the	  loss	  of	  a	  negatively	  
charged	  residue	  at	  VP2	  130.	  	  The	  accumulation	  of	  these	  changes	  may	  have	  changed	  the	  
net	  overall	  charge	  on	  the	  capsid	  to	  become	  more	  positive,	  thus	  allowing	  certain	  positively	  
charged	  regions	  to	  interact	  with	  negatively	  charged	  GAGs.	  	  A	  later	  study	  by	  Baranowski	  
using	  the	  same	  virus	  investigated	  the	  effect	  of	  replacing	  the	  RGD	  with	  a	  FLAG	  tag	  [383].	  	  
FLAG	  tagged	  viruses	  were	  still	  infectious	  and	  BHK-­‐21	  passaged	  FLAG-­‐tag	  viruses	  acquired	  
changes	  in	  antigenic-­‐sites	  different	  to	  the	  G-­‐H	  loop,	  suggesting	  that	  there	  may	  be	  
connections	  between	  antigenic	  sites.	  	  	  
To	  summarise,	  the	  general	  feature	  of	  FMDV	  cell-­‐culture	  adaptation	  appears	  to	  be	  the	  
accumulation	  of	  positively	  charged	  residues	  on	  discrete	  regions	  of	  the	  capsid	  surface	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which	  allow	  it	  to	  interact	  with	  negatively	  charged	  cell-­‐surface	  molecules	  such	  as	  GAGs.	  	  	  
There	  appears	  to	  be	  a	  lot	  of	  plasticity	  with	  regards	  to	  receptor	  binding	  motifs	  on	  the	  
capsid	  surface,	  as	  even	  viruses	  with	  mutations	  in	  the	  RGD	  can	  still	  be	  infectious.	  	  Although	  
the	  pathogenesis	  of	  all	  of	  these	  mutated	  viruses	  in	  vivo	  however	  is	  unknown,	  the	  rational	  
introduction	  of	  residues	  associated	  with	  cell	  culture	  adaption	  may	  aid	  development	  of	  
FMDV	  vaccine	  stocks	  (see	  FMDV	  control).	  	  	  
	  
1.10	  A/Iran/87	  
The	  work	  by	  Baranowski	  et	  al	  showed	  that	  FMDV	  was	  capable	  of	  using	  a	  novel,	  receptor-­‐
binding	  and	  internalisation	  pathway	  that	  was	  independent	  of	  the	  VP1	  G-­‐H	  loop	  and	  of	  HS,	  
as	  modified	  FMDV	  CS8c1	  could	  infect	  CHO	  cells	  deficient	  of	  glycosaminoglycans	  [355,	  356,	  
383].	  	  There	  have	  been	  other	  reports	  of	  cell-­‐culture	  adapted	  FMDV	  that	  has	  acquired	  the	  
ability	  to	  infect	  cells	  that	  are	  devoid	  of	  integrins	  and	  HS	  [354].	  	  Serial	  passage	  of	  FMDV	  in	  
a	  consistent	  cell-­‐culture	  environment	  leads	  to	  an	  expansion	  of	  tropism,	  as	  opposed	  to	  a	  
more	  specialised	  infection	  of	  that	  particular	  cell	  line	  [384],	  and	  one	  such	  example	  is	  FMDV	  
A/Iran/87	  (This	  is	  referred	  to	  as	  the	  field	  isolate	  [FI]	  below).	  	  
Recently,	  a	  virus	  was	  identified	  that	  had	  a	  G-­‐H	  loop	  deletion,	  lacked	  the	  HS-­‐binding	  
residues,	  yet	  could	  infect	  BHK-­‐21	  cells	  in	  addition	  to	  cells	  not	  normally	  permissible	  to	  
FMDV	  infection.	  	  The	  parental	  virus	  (A/Iran/87	  [385])	  was	  isolated	  near	  Tehran	  (Iran)	  in	  
1987	  and	  was	  developed	  as	  a	  vaccine	  strain	  at	  Merial	  Laboratories,	  Pirbright,	  United	  
Kingdom.	  The	  same	  vaccine	  stock	  propagated	  at	  The	  Pirbright	  Institute	  was	  later	  shown	  
to	  have	  increased	  neutralisation	  abilities	  when	  compared	  to	  the	  vaccine	  stock	  produced	  
at	  Merial.	  During	  vaccine	  matching	  studies	  the	  serum	  generated	  against	  the	  Pirbright	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vaccine	  virus	  performed	  better	  than	  the	  equivalent	  serum	  generated	  against	  the	  Merial	  
version,	  this	  was	  of	  interest	  as	  they	  were	  supposedly	  the	  same	  virus.	  In	  order	  to	  
investigate	  why	  the	  Pirbright	  stock	  had	  increased	  neutralising	  abilities	  it	  was	  plaque	  
purified	  via	  three	  rounds	  in	  BHK-­‐21	  cells	  by	  Dr.	  Nick	  Knowles	  (Pirbright	  Institute)[386].	  
Plaque	  purification	  revealed	  that	  there	  were	  two	  different	  variants	  of	  the	  A/Iran/87	  virus	  
co-­‐existing	  in	  the	  vaccine	  stock	  in	  an	  equal	  50/50	  ratio,	  suggesting	  that	  they	  were	  not	  out-­‐
competing	  each	  other.	  The	  P1	  region	  from	  each	  virus	  was	  sequenced	  by	  Dr.	  Veronica	  
Fowler	  (Pirbright	  Institute)	  where	  it	  was	  revealed	  one	  of	  the	  viruses	  had	  a	  13	  amino-­‐acid	  
deletion	  within	  the	  VP1	  G-­‐H	  loop	  (residues	  140-­‐152)	  that	  included	  the	  RGD.	  	  The	  RGD-­‐
containing	  variant	  was	  named	  A/Iran/87	  A+,	  and	  the	  virus	  with	  a	  partial	  G-­‐H	  loop	  deletion	  
was	  termed	  A/Iran/87	  A-­‐.	  	  The	  fact	  A/Iran/87	  A-­‐	  was	  still	  infectious	  was	  surprising	  as	  
previous	  studies	  have	  shown	  that	  the	  G-­‐H	  loop	  is	  critical	  for	  infectivity	  of	  field-­‐isolates	  
[42,	  387],	  and	  raised	  the	  possibility	  that	  A/Iran/87	  A-­‐	  may	  exploit	  a	  different	  receptor-­‐
binding	  motif.	  	  
Investigations	  on	  the	  tropism	  of	  the	  FI,	  A+	  and	  A-­‐	  viruses	  were	  performed	  and	  monolayers	  
of	  BHK,	  CHO,	  CHO-­‐677	  (which	  lack	  HS)	  and	  CHO-­‐745	  (lack	  chondroitin-­‐sulphate	  and	  HS)	  
cells	  were	  experimentally	  infected	  with	  the	  lysate	  of	  each	  virus.	  The	  FI	  only	  caused	  
infection	  in	  BHK-­‐21	  cells,	  whereas	  the	  A+	  and	  A-­‐	  viruses	  could	  infect	  BHK,	  CHO,	  CHO-­‐677,	  
and	  CHO-­‐745	  cells,	  suggesting	  that	  these	  viruses	  had	  acquired	  capsid	  mutations	  enabling	  
them	  to	  infect	  cells	  not	  normally	  permissible	  to	  FMDV	  infection.	  	  	  
A/Iran/87	  A-­‐	  has	  been	  considered	  as	  a	  possible	  candidate	  for	  a	  negative	  marker	  vaccine	  
[388].	  It	  has	  been	  shown	  that	  inoculation	  of	  cattle	  with	  inactivated	  A-­‐	  virus	  causes	  a	  
serological	  response	  similar	  to	  the	  A+	  virus	  when	  measured	  using	  a	  virus	  neutralisation	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assay,	  and	  it	  was	  predicted	  that	  cattle	  vaccinated	  with	  inactivated	  A-­‐	  antigen	  would	  stand	  
a	  good	  likelihood	  of	  protection	  against	  the	  field-­‐isolate	  A/Iran/87	  virus	  [389].	  The	  absence	  
of	  the	  VP1	  G-­‐H	  loop	  provides	  an	  opportunity	  to	  manufacture	  a	  negative	  marker	  vaccine.	  
This	  could	  enable	  differentiation	  of	  vaccinated	  versus	  infected	  animals	  as	  only	  animals	  
infected	  with	  field-­‐isolates	  (which	  have	  intact	  G-­‐H	  loops)	  will	  produce	  antibodies	  against	  
the	  G-­‐H	  loop.	  	  
When	  naive	  cattle	  were	  experimentally	  infected	  with	  the	  A-­‐	  virus	  by	  inoculation	  into	  the	  
intradermal	  space	  of	  the	  tongue	  all	  subjects	  developed	  clinical	  signs	  of	  FMDV	  [390].	  These	  
included	  secondary	  lesions	  located	  on	  the	  coronary	  bands	  which	  suggest	  that	  despite	  
lacking	  a	  G-­‐H	  loop	  the	  A-­‐	  virus	  is	  capable	  of	  spreading	  and	  replicating	  at	  secondary	  sites.	  	  
However,	  in	  contact	  cattle	  did	  not	  develop	  any	  signs	  of	  infection.	  Taken	  together,	  these	  
results	  suggest	  that	  the	  GH-­‐loop	  deleted	  variant	  of	  A/Iran/87	  is	  able	  to	  cause	  infection	  in	  
cattle	  when	  needle	  inoculated,	  but	  its	  ability	  to	  transmit	  from	  animal	  to	  animal	  is	  severely	  
restricted.	  	  Analysis	  of	  the	  capsid	  sequence	  revealed	  numerous	  changes,	  several	  of	  which	  
were	  surface	  exposed	  (see	  Chapter	  3).	  	  Sequencing	  of	  the	  A-­‐	  virus	  that	  had	  been	  
recovered	  from	  a	  secondary	  lesion	  in	  cattle	  showed	  that	  there	  had	  been	  no	  changes	  in	  
VP1	  or	  VP2,	  and	  the	  G-­‐H	  loop	  remained	  partially	  deleted,	  (Graham	  Belsham,	  personal	  
communication),	  indicating	  that	  these	  changes	  were	  stable.	  	  	  
The	  A-­‐	  virus	  proved	  intriguing	  and	  provoked	  many	  questions.	  	  Not	  only	  did	  this	  virus	  have	  
a	  major	  deletion	  in	  the	  VP1	  G-­‐H	  loop	  and	  lack	  the	  known	  HS-­‐binding	  residues,	  but	  it	  also	  
had	  an	  expanded	  host	  tropism	  for	  cell	  lines.	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1.11	  Other	  Picornavirus	  cell	  attachment,	  A	  particle	  formation,	  and	  particle	  uptake	  
For	  some	  picornaviruses,	  attachment	  to	  a	  primary	  receptor	  only	  serves	  to	  hold	  the	  virus	  
at	  the	  plasma	  membrane	  until	  a	  secondary	  receptor	  is	  bound.	  For	  others,	  cell-­‐attachment	  
may	  trigger	  internalisation	  of	  the	  virus	  to	  intracellular	  vesicles	  where	  physiological	  
conditions	  may	  be	  more	  favourable	  for	  infection.	  	  Following	  cell	  attachment	  the	  virus	  
must	  uncoat	  and	  transfer	  its	  RNA	  genome	  across	  a	  membrane.	  Enteroviruses	  interact	  
with	  their	  receptor	  which	  catalyzes	  irreversible	  conformational	  changes	  that	  alter	  the	  
shape	  of	  the	  virion	  into	  135S	  “A”	  or	  altered	  particle,	  thus	  triggering	  changes	  which	  lead	  to	  
genome	  translocation	  to	  the	  cytosol.	  	  For	  other	  viruses,	  receptors	  merely	  bind	  the	  virus	  
until	  it	  is	  internalised	  and	  delivered	  to	  an	  appropriate	  compartment	  where	  a	  physiological	  
change,	  such	  as	  a	  drop	  in	  pH,	  triggers	  conformational	  changes	  that	  lead	  to	  genome	  
translocation.	  	  FMDV	  does	  not	  undergo	  a	  transition	  into	  an	  “A”	  particle,	  instead	  binding	  
to	  integrins	  leads	  to	  delivery	  to	  early	  or	  recycling	  endosomes	  (see	  above).	  Here	  the	  slight	  
drop	  in	  pH	  leads	  to	  the	  protonation	  of	  histidine	  residues	  located	  at	  the	  2-­‐fold	  axis	  of	  
symmetry,	  leading	  to	  the	  establishment	  of	  electrostatic	  repulsion	  between	  capsid	  
subunits	  and	  dissociation	  of	  the	  viral	  pentamer	  [27,	  391-­‐393].	  	  Acid	  labile	  capsids	  are	  not	  
generally	  seen	  in	  the	  picornaviridae,	  and	  are	  only	  seen	  in	  other	  apththoviruses,	  
cardioviruses,	  and	  minor	  group	  rhinoviruses	  [394].	  	  All	  picornaviruses	  must	  deliver	  their	  
RNA	  genome	  across	  a	  cellular	  membrane,	  which	  may	  be	  the	  plasma	  membrane	  or	  an	  
intracellular	  vesicle.	  	  For	  some	  viruses	  this	  event	  occurs	  during	  the	  catalysing	  of	  the	  “A”	  
particle	  formation	  (see	  below).	  	  In	  FMDV	  capsid	  dissociation	  triggers	  the	  release	  of	  the	  
hydrophobic	  and	  myristoylated	  internal	  protein	  VP4	  which	  is	  believed	  to	  interact	  with	  
host	  membranes,	  perhaps	  by	  creating	  a	  pore	  that	  enables	  genome	  translocation	  to	  the	  
cytosol	  [29,	  395-­‐398].	  	  The	  binding	  and	  entry	  mechanisms	  of	  the	  different	  members	  of	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the	  picornavirus	  genus	  vary	  widely,	  and	  several	  examples	  are	  described	  below	  in	  order	  to	  
provide	  a	  comparison	  with	  FMDV.	  	  
Some	  picornaviruses	  other	  than	  FMDV	  have	  been	  shown	  to	  mediate	  binding	  via	  an	  RGD	  
motif	  located	  on	  the	  capsid	  surface.	  	  For	  example,	  coxsackievirus	  A9	  (CVA9)	  (enterovirus),	  
echovirus	  9	  (E-­‐9)	  (enterovirus),	  human	  parechovirus	  1	  (HPev-­‐1)	  (parechovirus),	  all	  possess	  
a	  RGD	  motif	  near	  the	  C-­‐terminus	  of	  VP1,	  [399-­‐402]	  	  as	  opposed	  to	  a	  protruding	  loop	  on	  
VP1	  as	  for	  FMDV	  (aphthovirus)	  .	  	  CVA9	  binds	  to	  integrins	  αvβ6	  and	  αvβ3	  [403,	  404].	  
However,	  instead	  of	  being	  internalised	  by	  clathrin-­‐mediated	  endocytosis,	  CVA9	  is	  not	  
bound	  with	  its	  receptor	  during	  internalisation	  [405]	  and	  is	  endocytosed	  via	  a	  mechanism	  
dependent	  on	  β2-­‐microgloubulin,	  dynamin,	  and	  arf6.	  	  The	  CVA9	  RGD	  has	  been	  shown	  to	  
not	  be	  essential	  for	  infectivity.	  	  The	  RGD	  may	  therefore	  act	  as	  an	  attachment	  factor.	  	  CVA-­‐
9	  uses	  a	  nonacidic	  pathway	  to	  initiate	  infection	  and	  collects	  in	  multivesicular	  bodies	  2	  
hours	  post	  infection	  [406].	  	  Interestingly,	  the	  residues	  flanking	  the	  RGD	  are	  similar	  
between	  FMDV	  and	  CVA9	  [131,	  293],	  suggesting	  the	  residues	  surrounding	  the	  RGD	  may	  
mediate	  receptor	  specificity.	  	  Echovirus	  1,	  on	  the	  other	  hand,	  binds	  to	  integrins	  α2β1,	  
where	  clustering	  of	  the	  receptor	  leads	  to	  internalisation	  by	  macropinocytosis	  of	  virus	  and	  
integrin.	  	  Infection	  is	  then	  initiated	  within	  novel	  multivesicular	  bodies	  [407,	  408].	  	  Finally,	  
HPev-­‐1	  has	  been	  shown	  to	  interact	  with	  integrins	  αVβ1,	  αVβ3,	  and	  αVβ6,	  and	  it	  has	  been	  
suggested	  that	  it	  enters	  cells	  via	  clathrin-­‐mediated	  endocytosis	  [401].	  	  It	  is	  interesting	  to	  
note	  that	  although	  many	  different	  picornaviruses	  are	  able	  to	  interact	  with	  αv	  integrins,	  
their	  internalisation	  mechanisms	  can	  be	  very	  different.	  	  These	  differences	  are	  possibly	  
due	  to	  the	  virus	  binding	  a	  secondary	  receptor.	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Poliovirus	  (enterovirus)	  uses	  CD155	  or	  nectin-­‐like	  molecule-­‐5	  (NECL-­‐5)	  as	  its	  receptor,	  
which	  is	  a	  CAM-­‐like	  molecule	  with	  three	  extracellular	  immunoglobulin-­‐like	  (Ig-­‐like)	  
domains	  [409],	  of	  which	  the	  largest	  domain	  (domain	  1)	  is	  necessary	  for	  virus	  binding	  [410,	  
411].	  	  Studies	  have	  shown	  that	  the	  membrane	  distal	  Ig	  domain	  inserts	  into	  a	  “canyon”	  
located	  on	  a	  surface	  depression	  that	  encircles	  the	  five-­‐fold	  axis	  of	  symmetry	  [412,	  413].	  
The	  high	  surface	  area	  between	  the	  receptor	  and	  canyon	  is	  the	  trigger	  for	  the	  catalysing	  
process	  that	  induces	  major	  conformational	  changes	  in	  the	  160S	  capsid	  [327],	  which	  leads	  
to	  the	  formation	  of	  the	  poliovirus	  cell-­‐entry	  intermediate,	  which	  is	  known	  as	  the	  135S	  or	  
A-­‐particle	  [414,	  415].	  	  This	  conformational	  change	  leads	  to	  the	  externalisation	  of	  VP4	  
[414],	  and	  the	  amino-­‐terminal	  residues	  of	  VP1	  which	  associated	  with	  host	  membranes	  
[324].	  	  The	  genome	  is	  then	  delivered	  across	  a	  membrane	  (likely	  within	  an	  endosome)	  via	  
a	  pore	  that	  forms	  at	  the	  2-­‐fold	  axis	  of	  symmetry	  [416,	  417],	  leaving	  behind	  an	  80S	  empty	  
shell.	  	  Poliovirus	  entry	  was	  originally	  believed	  to	  be	  clathrin-­‐mediated,	  however	  it	  has	  
been	  shown	  in	  HeLa	  cells	  to	  undergo	  an	  internalisation	  process	  that	  is	  independent	  of	  
both	  clathrin	  and	  caveolae.	  	  The	  process	  is	  dependent	  on	  ATP	  (energy)	  and	  an	  intact	  
cytoskeleton,	  and	  likely	  occurs	  within	  clathrin	  and	  caveolin-­‐independent	  vesicles	  within	  
the	  cell	  periphery	  [416].	  	  However	  in	  a	  separate	  study,	  poliovirus	  was	  found	  to	  enter	  
polarized	  human	  brain	  microvascular	  endothelial	  cells	  (HBMECs)	  via	  caveolae-­‐mediated	  
endocytosis	  [418].	  	  It	  is	  likely	  that	  poliovirus	  uses	  different	  entry	  mechanisms	  in	  different	  
cell	  types.	  	  	  
The	  effect	  of	  different	  endocytosis	  mechanisms	  mediated	  by	  binding	  to	  different	  
receptors	  is	  demonstrated	  by	  enterovirus	  71	  (Enterovirus)	  (EV71).	  	  EV71	  can	  bind	  either	  
human	  P-­‐selectin	  glycoprotein	  ligand-­‐1	  (PSGL-­‐1)[264,	  371]	  or	  humjan	  scavenger	  receptor	  
class	  B,	  member	  2	  (SCARB2)	  [370].	  	  Binding	  to	  PSGL-­‐1	  leads	  to	  caveolar	  endocytosis	  [263],	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whereas	  binding	  to	  SCARB2	  leads	  to	  clathrin-­‐mediated	  entry	  [369].	  	  Furthermore,	  like	  
FMDV,	  EV71	  has	  been	  shown	  to	  bind	  HS	  which	  it	  uses	  as	  an	  attachment	  factor	  [419].	  	  	  
Human	  rhinoviruses	  (HRVs)(Enterovirus)	  are	  grouped	  into	  three	  species;	  HRV-­‐A	  (74	  
serotypes),	  HRV-­‐B	  (25	  serotypes),	  and	  HRV-­‐C	  (6	  serotypes)	  [420].	  	  They	  are	  then	  sub-­‐
divided	  independent	  of	  their	  classification	  according	  to	  their	  receptor	  usage.	  	  The	  minor	  
receptor	  group,	  which	  includes	  12	  different	  serotypes	  of	  HRV-­‐A,	  bind	  low-­‐density	  
lipoprotein	  receptor	  (LDLR),	  very-­‐LDLR	  (VLDLR),	  and	  LDLR-­‐related	  protein	  1	  (LRP1)	  [421-­‐
423].	  	  In	  comparison,	  the	  major	  group	  (which	  includes	  the	  remaining	  HRV-­‐A	  and	  HRV-­‐B	  
serotypes)	  bind	  intercellular	  adhesion	  molecule	  1	  (ICAM-­‐1)	  [424].	  	  Some	  major	  group	  
HRVs	  can	  also	  exploit	  HSPG	  when	  heavily	  passaged	  in	  permissive	  cell	  culture	  [425-­‐427].	  	  
The	  receptor	  for	  HRV-­‐C	  is	  however	  unknown	  [428].	  	  The	  major	  group	  of	  HRVs,	  like	  
poliovirus,	  undergo	  capsid	  structural	  alterations	  which	  are	  induced	  by	  interactions	  with	  
ICAM-­‐1	  in	  a	  pH	  and	  temperature	  dependent	  manner	  that	  catalyse	  uncoating[429-­‐431],	  
although	  poliovirus	  uncoating	  is	  independent	  of	  low	  pH	  [432-­‐434].	  	  ICAM-­‐1	  is	  a	  type	  1	  
transmembrane	  protein	  mainly	  involved	  in	  cell-­‐cell	  adhesion	  in	  endothelial	  cells.	  	  Its	  
extracellular	  structure	  composes	  five	  immuno-­‐globular-­‐like	  domains	  [435].	  	  	  In	  cryo-­‐EM	  
3D-­‐reconstructions	  of	  soluble	  ICAM-­‐1	  fragments	  bound	  to	  HRV3,	  HRV14,	  and	  HRV16,	  
have	  determined	  that	  its	  first	  domain	  is	  observed	  binding	  the	  virus	  in	  a	  canyon	  that	  
surrounds	  the	  5-­‐fold	  axis	  of	  symmetry,	  making	  extensive	  contacts	  with	  the	  south	  rim	  as	  
opposed	  to	  the	  north	  rim	  [436-­‐439].	  	  This	  mechanism	  is	  similar	  to	  that	  of	  Poliovirus.	  	  
Major	  group	  rhinoviruses	  are	  then	  believed	  to	  be	  internalised	  by	  a	  clathrin	  and	  dynamin-­‐
dependent	  mechanism,	  as	  has	  been	  shown	  in	  HeLa	  cells	  [440,	  441],	  but	  have	  also	  been	  
shown	  to	  enter	  rhabdomyosarcoma	  cells	  expressing	  ICAM-­‐1	  in	  a	  manner	  that	  is	  clathrin-­‐,	  
caveolin,	  and	  flotillin	  independent	  [442].	  	  Thus	  it	  may	  be	  that	  the	  entry	  mechanism	  of	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major	  group	  HRV	  differs	  according	  to	  the	  cell	  type	  infected.	  	  Additionally,	  ICAM-­‐1	  has	  no	  
clathrin-­‐coated	  pit	  localisation	  signals	  in	  its	  cytoplasmic	  tail,	  yet	  plasma	  membrane	  bound	  
HRV14-­‐ICAM-­‐1	  complexes	  are	  delivered	  to	  acidic	  early	  endosomes	  [443,	  444].	  	  It	  has	  been	  
suggested	  that	  major	  group	  HRVs	  may	  dissociate	  from	  ICAM-­‐1	  at	  low	  pH	  [445].	  	  
In	  comparison,	  minor	  group	  HRVs	  capsid	  alterations	  are	  exclusively	  triggered	  by	  a	  
decrease	  in	  pH	  [446,	  447],	  causing	  the	  virus	  to	  lose	  a	  pocket	  factor	  (which	  may	  be	  a	  fatty	  
acid	  residing	  in	  a	  void	  of	  VP1).	  	  LDLR	  family	  receptors	  only	  function	  to	  bind	  and	  internalise	  
the	  virus	  [448].	  	  The	  binding	  domains	  of	  LDLR	  family	  receptors	  ligand-­‐binding	  domains	  
compose	  varying	  numbers	  of	  ligand-­‐binding	  (type	  A)	  repeats.	  	  The	  binding	  site	  from	  
minor-­‐group	  HRVs	  are	  distinct	  from	  the	  major	  group,	  and	  attachment	  occurs	  at	  the	  top	  of	  
a	  star-­‐like	  mesa	  located	  at	  the	  vertex	  on	  the	  five-­‐fold	  axis	  of	  symmetry	  in	  a	  multimodular	  
manner	  [449-­‐451].	  	  Minor	  group	  HRVs	  are	  then	  internalised	  by	  clathrin-­‐mediated	  
endocytosis	  which	  is	  mediated	  by	  a	  clathrin-­‐mediated	  endocytosis	  motif	  (FXNPXY)	  located	  
within	  the	  cytoplasmic	  domain	  of	  LDLR	  [452,	  453],	  although	  it	  has	  been	  shown	  that	  when	  
this	  pathway	  is	  blocked	  HRV	  can	  enter	  in	  a	  clathrin	  and	  dynamin	  independent	  manner	  
[454,	  455].	  
Picornaviruses	  have	  evolved	  to	  utilise	  a	  wide	  variety	  of	  cellular	  receptors	  and	  are	  
internalised	  via	  different	  endocytosis	  mechanisms.	  	  Some	  picornaviruses,	  such	  as	  polio	  
and	  major	  group	  receptor	  HRVs	  undergo	  conformational	  changes	  when	  bound	  to	  a	  
receptor	  that	  catalyse	  genome	  transfer,	  whereas	  other	  viruses	  such	  as	  FMDV	  and	  minor	  
group	  HRVs	  are	  dependent	  on	  the	  acidic	  pH	  of	  endosomal	  compartments	  to	  initiate	  
infection.	  	  The	  receptor	  binding	  motifs	  for	  Poliovirus	  and	  major	  group	  HRVs	  are	  both	  
located	  within	  a	  canyon	  surrounding	  the	  five-­‐fold	  axis,	  and	  it	  was	  originally	  believed	  that	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this	  protected	  the	  receptor-­‐binding	  motif	  from	  antibody	  neutralisation	  [456].	  	  However	  
many	  picornaviruses	  have	  surface	  exposed	  structures	  involved	  in	  receptor	  binding.	  	  For	  
example	  FMDV	  has	  a	  surface	  exposed	  G-­‐H	  loop	  which	  contains	  the	  integrin-­‐binding	  RGD,	  
and	  minor	  group	  HRVs	  bind	  via	  a	  star	  shaped	  mesa	  located	  at	  the	  five-­‐fold	  axis	  of	  
symmetry.	  	  The	  flexibility	  in	  receptor	  usage	  and	  internalisation	  mechanisms	  is	  the	  result	  
of	  constant	  evolution	  of	  this	  highly	  changeable	  genus	  of	  viruses.	  
	  
1.12	  FMDV	  control	  	  
1.12.1	  FMDV	  vaccine	  production	  
Loeffler	  and	  Frosch	  demonstrated	  that	  cattle	  and	  sheep	  could	  be	  	  immunized	  against	  
FMD	  by	  injecting	  with	  filtered	  vesicular	  fluid	  from	  an	  infected	  animal	  that	  had	  been	  heat	  
treated	  to	  destroy	  infectivity	  [457].	  	  The	  majority	  of	  animals	  were	  protected	  from	  
subsequent	  challenge	  with	  the	  same	  sample	  of	  live	  FMD-­‐agent,	  and	  thus	  Loeffler	  and	  
Frosch	  were	  the	  first	  scientists	  to	  demonstrate	  the	  vaccine	  potential	  of	  using	  an	  
inactivated	  antigen.	  	  FMDV	  vaccine	  production	  was	  frustrated	  by	  the	  expense	  of	  working	  
with	  the	  natural	  hosts,	  however	  this	  was	  aided	  by	  the	  development	  of	  an	  experimental	  
model	  in	  guinea	  pigs	  in	  1920	  [458]	  and	  suckling	  mice	  30	  years	  later	  [459].	  	  Eventually,	  in-­‐
vitro	  models	  were	  developed.	  	  	  
	  
Historical	  vaccinations	  against	  FMDV	  were	  prepared	  using	  formaldehyde-­‐inactivated	  
vesicular	  fluid	  from	  infected	  calves	  [460],	  followed	  by	  large	  scale	  production	  in	  surviving	  
tongue	  epithelium	  from	  cattle	  [461].	  	  This	  was	  replaced	  in	  the	  early	  1960s	  by	  growing	  
FMDV	  in	  monolayers	  or	  suspensions	  of	  pig	  kidney	  (IBRS2)	  or	  baby	  hamster	  kidney	  cells	  
(BHK-­‐21)[462-­‐464].	  	  Early	  vaccines	  occasionally	  caused	  outbreaks	  due	  to	  the	  residual	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infectivity	  caused	  by	  incomplete	  formaldehyde	  inactivation.	  	  However	  the	  replacement	  of	  
formaldehyde	  inactivation	  with	  acetylethyleneimine	  in	  1959	  [465],	  then	  with	  the	  
unsubstituted	  parent	  compound	  binary	  ethyleneimine	  (BEI)	  in	  1975	  resolved	  these	  issues	  
[466]	  and	  is	  now	  used	  by	  all	  FMDV	  vaccine	  manufacturers.	  	  
	  
1.12.2	  Current	  vaccines	  
Current	  control	  strategies	  in	  endemic	  countries	  rely	  on	  vaccination	  of	  susceptible	  animals	  
using	  chemically	  inactivated	  stocks	  of	  virus.	  	  Vaccine	  production	  is	  aggravated	  because	  
FMDV	  exists	  as	  seven	  serotypes	  with	  hundreds	  of	  subtypes	  within	  each	  serotype,	  and	  
even	  viruses	  within	  the	  same	  serotype	  can	  be	  antigenically	  different.	  	  The	  constant	  
circulation	  of	  virus	  in	  the	  field,	  and	  the	  quasispecies	  nature	  of	  the	  virus	  mean	  that	  new	  
variants	  of	  FMDV	  are	  constantly	  arising	  [178,	  179,	  467].	  	  	  There	  is	  no	  cross-­‐protection	  
between	  serotypes	  and	  even	  vaccines	  of	  the	  same	  serotype	  may	  only	  provide	  limited	  
protection.	  	  Thus	  it	  is	  important	  to	  characterize	  current	  circulating	  outbreak	  strains	  if	  
vaccination	  is	  to	  be	  effective.	  The	  vaccine	  stock	  must	  be	  genetically	  similar	  to	  the	  current	  
outbreak	  virus	  and	  result	  in	  a	  cross-­‐reactive	  serological	  response	  for	  it	  to	  be	  effective.	  	  
The	  first	  step	  in	  vaccine	  manufacture	  is	  adaptation	  of	  a	  field-­‐isolate	  to	  cell-­‐culture.	  This	  
however	  can	  be	  a	  difficult	  process	  and	  is	  not	  always	  successful.	  	  There	  is	  therefore	  
interest	  in	  the	  development	  of	  “rationally	  designed”	  vaccines.	  	  By	  using	  cDNA	  clones	  
containing	  a	  DNA	  version	  of	  the	  FMDV	  genome,	  changes	  can	  be	  introduced	  into	  the	  
capsid	  encoding	  region	  that	  confer	  cell-­‐culture	  adaptation.	  	  Synthetic	  viral	  RNA	  can	  then	  
be	  transcribed	  from	  mutated	  cDNA	  transcripts	  and	  transfected	  into	  BHK-­‐21	  to	  recover	  
virus.	  	  The	  introduction	  of	  specific	  positively-­‐charged	  residues	  at	  particular	  solvent-­‐
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exposed	  sites	  on	  the	  capsid	  may	  accelerate	  the	  cell-­‐culture	  adaptation	  process	  of	  certain	  
field-­‐isolate	  FMDVs	  and	  accelerate	  vaccine	  development.	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1.13	  Research	  Aims	  
Foot-­‐and-­‐mouth	  disease	  is	  a	  serious	  livestock	  disease	  responsible	  for	  significant	  economic	  
and	  agricultural	  damage.	  	  Currently,	  in	  territories	  where	  FMD	  is	  endemic	  control	  
measures	  focus	  on	  vaccination	  of	  susceptible	  livestock.	  	  To	  be	  effective,	  the	  vaccine	  strain	  
must	  be	  genetically	  similar	  to	  the	  outbreak	  strain,	  thus	  it	  is	  preferable	  that	  vaccines	  are	  
developed	  from	  current	  outbreak	  strains.	  	  However,	  as	  mentioned	  previously	  some	  
viruses	  are	  difficult	  to	  adapt	  to	  cell	  culture,	  and	  HS-­‐adapted	  strains	  of	  FMDV	  do	  not	  elicit	  
a	  protective	  immune	  response	  [360,	  361,	  468].	  	  	  
	  
Cell	  culture	  adaptation	  is	  the	  essential	  first	  step	  in	  vaccine	  manufacture.	  	  
The	  purpose	  of	  this	  thesis	  was	  to	  gain	  a	  better	  understanding	  of	  the	  cell	  culture	  
adaptation	  processes	  of	  FMDV	  using	  a	  cell	  culture	  adapted	  variant	  	  A/Iran/87.	  	  This	  
particular	  variant	  (A/Iran/87	  A-­‐)	  lacks	  the	  known	  HS-­‐binding	  residues	  and	  has	  a	  13	  amino-­‐
acid	  deletion	  within	  the	  G-­‐H	  loop	  of	  VP1	  and	  therefore	  lacks	  the	  integrin-­‐binding	  RGD.	  
However,	  A/Iran/87	  A-­‐	  has	  an	  increased	  tropism	  for	  cultured	  cells.	  	  The	  work	  in	  this	  thesis	  
used	  reverse	  genetics	  and	  site-­‐directed	  mutagenesis	  to	  explore	  whether	  surface	  exposed	  
capsid	  residues	  that	  had	  undergone	  mutation	  in	  A/Iran/87	  A-­‐	  could	  act	  as	  a	  novel	  cell-­‐
attachment	  motif.	  	  The	  second	  aim	  is	  to	  investigate	  whether	  novel	  motifs	  identified	  on	  
the	  A-­‐	  virus	  could	  be	  engineered	  into	  a	  different	  strain	  of	  FMDV	  and	  confer	  infectivity	  
when	  RGD-­‐mediated	  binding	  had	  been	  abrogated.	  	  This	  work	  may	  provide	  a	  valuable	  
insight	  into	  the	  cell-­‐culture	  adaptation	  processes	  of	  FMDV,	  and	  may	  allow	  for	  the	  rational	  
design	  of	  vaccines.	  	  This	  may	  aid	  the	  development	  of	  vaccine	  viruses	  that	  grow	  better	  in	  
cell	  culture,	  thus	  accelerating	  the	  manufacturing	  process.	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This	  third	  aim	  of	  this	  thesis	  is	  to	  explore	  the	  endocytosis	  mechanisms	  of	  FMDV.	  	  Although	  
entry	  of	  field-­‐isolates	  has	  been	  thoroughly	  investigated	  the	  entry	  mechanisms	  of	  cell-­‐
culture	  adapted	  strains	  are	  less	  understood.	  	  Understanding	  the	  endocytosis	  mechanism	  
of	  a	  virus	  is	  important	  as	  the	  entry	  pathway	  may	  dictate	  which	  organelles	  the	  virus	  is	  
delivered	  too.	  	  This	  in	  turn	  may	  influence	  host-­‐cell	  anti-­‐viral	  responses	  [469].	  	  	  	  A	  variety	  
of	  methods	  including	  quantification	  of	  infection	  assays	  and	  confocal	  immunofluorescence	  
will	  be	  used	  to	  investigate	  the	  entry	  mechanisms	  of	  two	  cell-­‐culture	  adapted	  viruses,	  one	  
of	  which	  will	  be	  A/Iran/87	  A-­‐.	  	  The	  cell	  lines	  used	  in	  these	  investigations	  will	  be	  IBRS2,	  and	  
Chinese-­‐hamster	  ovary	  cells	  (CHO).	  	  IBRS2	  cells	  are	  derived	  from	  pig	  kidney	  and	  have	  long	  
been	  used	  in	  the	  propagation	  of	  FMDV	  vaccine	  stocks	  as	  they	  express	  αvβ8	  and	  HS	  and	  
are	  thus	  permissive	  to	  field-­‐isolate	  and	  HS-­‐binding	  FMDV.	  	  CHO	  in	  comparison	  lack	  the	  
known	  integrins	  that	  field-­‐isolate	  FMDV	  binds,	  but	  do	  express	  HS,	  thus	  they	  are	  only	  
permissive	  to	  cell-­‐culture	  adapted	  strains.	  	  This	  thesis	  will	  provide	  novel	  insight	  into	  the	  
entry	  mechanism	  of	  a	  FMDV	  that	  lacks	  the	  conventional	  receptor	  binding	  motifs.	  	  	  
	  
Thus,	  the	  aims	  of	  this	  thesis	  are	  to	  identify	  novel	  capsid	  residues	  on	  the	  surface	  of	  
A/Iran/87	  A-­‐	  and	  to	  determine	  if	  they	  enhance	  infectivity.	  	  The	  second	  part	  of	  this	  thesis	  
seeks	  to	  characterize	  and	  understand	  the	  entry	  kinetics	  and	  the	  cell-­‐entry	  mechanisms	  of	  
this	  virus.	  	  This	  work	  will	  further	  our	  understanding	  of	  the	  processes	  of	  FMDV	  cell-­‐culture	  
adaptation.	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Chapter	  Two:	  Methods	  and	  Materials	  
	  
2.1	  Cells	  
Baby	  hamster	  kidney	  (BHK-­‐21)	  cells	  (subclone	  13)	  were	  maintained	  in	  Glasgow’s	  
minimum	  essential	  medium	  (GMEM)	  supplemented	  with	  10%	  (v/v)	  heat	  inactivated	  foetal	  
bovine	  serum	  (FBS),	  2mM	  L-­‐glutamine,	  100U/ml	  penicillin,	  100ug/ml	  streptomycin,	  and	  
5%	  tryptose	  phosphate	  broth.	  Pig	  kidney	  (IBRS-­‐2)	  cells	  were	  maintained	  in	  GMEM	  
supplemented	  with	  10%	  (v/v)	  heat	  inactivated	  adult	  bovine	  serum,	  along	  with	  L-­‐
glutamine,	  penicillin	  and	  streptomycin	  at	  the	  above	  concentrations.	  Chinese	  hamster	  
ovary	  (CHO)	  and	  CHO-­‐677	  cells	  were	  both	  maintained	  in	  HAMS-­‐F12	  nutrient	  mixture	  
supplemented	  with	  10%	  (v/v)	  foetal	  bovine	  serum,	  L-­‐glutamine,	  penicillin	  and	  
streptomycin	  at	  the	  above	  concentrations.	  CHO-­‐Lec2	  cells	  were	  maintained	  in	  MEM-­‐α	  
(with	  nucleosides,	  no	  ascorbic	  acid,	  Life	  Technologies)	  containing	  the	  same	  supplements	  
as	  CHO.	  	  
	  
2.2	  Viruses	  
2.2.1	  Virus	  stocks	  and	  propagation	  
A	  stock	  of	  O1Kcad2	  was	  obtained	  from	  Dr	  Terry	  Jackson	  (The	  Pirbright	  Institute,	  Pirbright,	  
UK)	  and	  passaged	  twice	  through	  primary	  bovine	  thyroid	  cells	  (pBTY).	  Viruses	  were	  
propagated	  in	  the	  following	  manner:	  medium	  was	  removed	  from	  confluent	  flasks	  of	  
appropriate	  cells	  of	  an	  appropriate	  size	  and	  the	  monolayers	  washed	  once	  with	  phosphate	  
buffered	  saline	  (PBS)	  containing	  calcium	  and	  magnesium	  ions.	  The	  cells	  were	  then	  
overlaid	  with	  an	  appropriate	  amount	  of	  clarified	  virus-­‐growth	  medium	  (cell-­‐growth	  
medium	  containing	  1%	  FBS)	  containing	  high	  titre	  virus	  and	  incubated	  at	  37°C	  for	  15	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minutes	  to	  allow	  virus	  adsorption.	  To	  allow	  virus	  propagation,	  virus-­‐growth	  medium	  
(VGM)	  was	  added	  and	  flasks	  incubated	  at	  37°C	  for	  24-­‐48	  hours	  to	  allow	  cytopathic	  effect	  
(CPE)	  to	  progress.	  Chimeric	  and	  mutated	  viruses	  were	  manufactured	  using	  a	  technique	  
known	  as	  capsid-­‐switching	  and/or	  site-­‐directed	  mutagenesis	  and	  their	  production	  is	  
described	  in	  further	  detail	  in	  the	  following	  sections.	  
	  
2.2.2	  Large-­‐scale	  virus	  growth	  and	  purification	  of	  viral	  antigen	  
Corning	  roller	  bottles	  (850cm2)	  were	  seeded	  with	  BHK-­‐21	  cells	  and	  100ml	  growth	  media.	  
The	  cells	  were	  incubated	  at	  37°C	  under	  constant	  rotation	  until	  monolayers	  were	  
confluent.	  Growth	  media	  was	  then	  aspirated	  and	  the	  monolayers	  washed	  with	  PBS	  
containing	  magnesium	  and	  calcium	  ions.	  1	  or	  2ml	  of	  high	  titre	  virus	  stock	  was	  then	  
seeded	  in	  to	  each	  roller	  bottle	  along	  with	  50ml	  virus-­‐growth	  medium	  and	  incubated	  at	  
37°C	  with	  constant	  rotation	  until	  complete	  CPE	  was	  observed.	  The	  lysate	  was	  harvested	  
and	  centrifuged	  at	  4000rpm	  for	  10	  minutes	  to	  remove	  cell	  debris.	  To	  precipitate	  
suspended	  proteins,	  ammonium	  sulphate	  was	  added	  to	  the	  supernatant	  (29.5g/100ml)	  
and	  left	  at	  4°C	  overnight.	  This	  mix	  was	  then	  spun	  at	  4000rpm	  for	  1	  hour	  to	  pellet	  any	  
precipitated	  solids.	  The	  resulting	  pellet	  was	  re-­‐suspended	  in	  PBS	  with	  1%	  NP40	  before	  
centrifuging	  at	  4000rpm	  for	  10	  minutes	  to	  remove	  insoluble	  debris.	  The	  supernatant	  was	  
removed	  and	  placed	  in	  to	  a	  Beckman	  SW28	  ultracentrifuge	  tube	  where	  a	  2ml	  30%	  sucrose	  
cushion	  was	  introduced	  to	  the	  bottom.	  This	  was	  then	  spun	  at	  28,000rpm	  for	  2.5	  hours	  at	  
12°C.	  The	  resulting	  pellet	  was	  re-­‐suspended	  in	  2ml	  PBS	  with	  1%	  NP40	  and	  loaded	  on	  top	  
of	  a	  30-­‐45%	  sucrose	  gradient	  before	  being	  centrifuged	  at	  28,000rpm	  for	  2.5	  hours	  at	  
12°C.	  2ml	  fractions	  of	  the	  post-­‐spin	  gradient	  were	  removed	  and	  the	  absorbance	  at	  260nm	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was	  read	  in	  order	  to	  quantify	  RNA	  concentration	  which	  was	  used	  to	  estimate	  virus	  yield.	  
RNA	  concentration	  was	  quantified	  using	  the	  Beer-­‐Lambert	  law:	  	  
A	  =	  ∈C⏐	  	  
Where:	  	  
A	  =	  absorbance	  at	  a	  particular	  wavelength	  
∈	  =	  The	  extinction	  coefficient,	  which	  for	  RNA	  is	  0.025	  (mg/ml)-­‐1	  cm-­‐1	  	  
C	  =	  Concentration	  of	  nucleic	  acid	  
⏐	  =	  Path	  length	  of	  the	  spectrophotometer	  cuvette	  (1cm)	  
An	  A260	  reading	  of	  1.0	  is	  equivalent	  to	  40µg/ml	  of	  single-­‐stranded	  RNA.	  
Resulting	  virus	  preparations	  were	  aliquoted	  and	  kept	  at	  -­‐80°C	  until	  needed.	  
	  
2.2.3	  Virus	  titration	  by	  plaque	  assay	  
Cell	  monolayers	  were	  prepared	  in	  6-­‐well	  tissue	  culture	  plates	  the	  day	  prior	  to	  titration,	  
monolayers	  were	  a	  minimum	  of	  80%	  confluent	  prior	  to	  the	  assay	  being	  performed.	  A	  
tenfold	  dilution	  series	  of	  the	  virus	  lysate	  being	  titrated	  was	  made	  using	  PBS	  containing	  
calcium	  and	  magnesium	  ions.	  To	  perform	  the	  assay;	  cell	  monolayers	  were	  washed	  with	  
PBS	  before	  the	  addition	  of	  100µl	  of	  each	  virus	  dilution	  to	  duplicate	  wells.	  The	  tissue	  
culture	  plates	  were	  then	  incubated	  for	  15	  minutes	  at	  37°C	  in	  order	  to	  allow	  virus	  
adsorption,	  then	  overlaid	  with	  4ml	  of	  molten	  Eagles	  overlay	  (Eagles	  medium	  
supplemented	  with	  0.6%	  indubiose,	  5%	  tryptone	  phosphate	  broth,	  1%	  foetal	  calf	  serum,	  
100	  SI	  units	  of	  penicillin/ml,	  and	  100µ	  of	  streptomycin/ml)	  which	  had	  been	  prewarmed	  to	  
42°C.	  Plates	  were	  left	  at	  room-­‐temperature	  for	  approximately	  4	  minutes	  to	  set,	  then	  
placed	  in	  37°C	  incubator	  with	  5%	  CO2	  for	  24-­‐48	  hours	  (depending	  on	  the	  virus).	  To	  
visualise	  plaques,	  wells	  were	  overlaid	  with	  PBS	  containing	  methylene	  blue	  and	  4%	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formaldehyde,	  and	  left	  for	  a	  minimum	  of	  four	  hours.	  The	  overlay	  and	  fixative/stain	  was	  
then	  removed	  and	  the	  plaques	  counted.	  
	  
2.3	  Antibodies	  and	  reagents	  
The	  anti-­‐FMDV	  capsid	  monoclonal	  antibody	  IB11	  was	  supplied	  as	  miniperm	  supernatant	  
by	  the	  Compton	  monoclonal	  production	  unit	  (The	  Pirbright	  Institute,	  Compton,	  Berkshire,	  
UK)	  and	  purified	  using	  a	  protein	  G	  column	  according	  to	  the	  manufacturer’s	  instructions	  
(GE	  Healthcare,	  UK).	  The	  anti-­‐FMDV	  monoclonals	  B9	  and	  D2,	  which	  recognise	  antigenic	  
site	  1	  of	  FMDV,	  were	  supplied	  by	  Dr.	  Terry	  Jackson	  and	  Dr.	  Stephen	  Berryman.	  	  	  Antibody	  
2C2,	  which	  recognises	  FMDV	  NSP	  3A,	  was	  kindly	  supplied	  by	  Dr.	  Stephen	  Berryman.	  	  All	  
secondary	  Alexa-­‐Fluor	  conjugated	  antibodies	  were	  supplied	  by	  Life	  Technologies	  (USA).	  
	  
2.4	  SDS-­‐PAGE	  and	  Western-­‐blotting	  
2.4.1	  Sample	  preparation	  
Samples	  used	  for	  SDS-­‐PAGE	  analysis	  were	  prepared	  as	  follows:	  40µl	  of	  sample	  was	  mixed	  
with	  20µl	  3x	  SDS	  sample	  buffer	  (NEB,	  USA)	  and	  2µl	  30x	  DTT	  (NEB)	  then	  heated	  at	  96°C	  for	  
4	  minutes.	  Samples	  were	  stored	  on	  ice	  until	  use.	  
	  
2.4.2	  Preparation	  of	  SDS-­‐PAGE	  gel	  
A	  10%	  resolving	  gel	  was	  made	  by	  mixing	  together	  the	  following:	  4ml	  water,	  3.3ml	  30%	  
acrylamide,	  2.5ml	  1.5	  M	  Tris	  pH	  8.8,	  100µl	  10%	  SDS,	  100µL	  10%	  APS,	  and	  10µl	  TEMED	  to	  
begin	  polymerisation.	  	  The	  gel	  was	  set	  in	  a	  SDS-­‐PAGE	  gel	  apparatus.	  	  Next,	  a	  5%	  stacking	  
gel	  was	  overlaid	  the	  resolving	  gel,	  the	  stacking	  gel	  contained:	  6.8ml	  water,	  1.7ml	  30%	  
acrylamide,	  1.2ml	  1.5	  M	  Tris	  pH	  6.8,	  100µl	  10%	  SDS,	  100µL	  10%	  APS,	  and	  15µl	  TEMED.	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The	  gel	  was	  assembled	  into	  the	  corresponding	  apparatus	  and	  filled	  with	  running	  buffer	  
(25mM	  Tris,	  190mM	  glycine,	  0.1%	  SDS	  in	  dH2O).	  	  Prepared	  samples	  were	  loaded	  and	  run	  
at	  100-­‐200	  volts	  until	  the	  dye	  from	  the	  loading	  buffer	  had	  reached	  the	  bottom	  of	  the	  gel.	  	  
The	  gel	  was	  then	  further	  processed,	  either	  by	  staining	  with	  Coomassie	  blue	  (1g	  Coomassie	  
Brilliant	  Blue	  [Bio-­‐Rad],	  50%	  Methanol	  [v/v],	  10%	  Glacial	  acetic	  acid	  [v/v],	  40%	  dH2O	  
[v/v])	  	  then	  destaining	  (50%	  methanol,	  40%	  acetic	  acid	  and	  10%	  dH20),	  or	  by	  western	  
blot.	  
	  
2.4.3	  Western	  blot	  
Gel	  transfer.	  SDS-­‐PAGE	  gels	  were	  removed	  from	  the	  glass	  plates	  and	  the	  stacking	  gel	  
discarded,	  the	  resolving	  gel	  was	  then	  placed	  in	  transfer	  buffer	  (25mM	  Tris,	  190mM	  
Glycine,	  20%	  methanol,	  pH	  8.3)	  for	  15	  minutes	  to	  pre-­‐equilibrate	  (removes	  salts).	  The	  gel	  
was	  then	  assembled	  into	  a	  transfer	  cassette	  sandwiched	  between	  a	  nitrocellulose	  
membrane	  (Amersham	  Biosciences,	  UK)	  and	  filter	  paper.	  The	  transfer	  cassette	  was	  then	  
placed	  in	  to	  a	  western	  blotting	  tank	  and	  submerged	  in	  transfer	  buffer,	  with	  the	  
membrane	  side	  facing	  the	  +ve	  terminal.	  A	  100	  volt	  electrical	  current	  was	  applied	  for	  
approximately	  1.5	  hours.	  	  
Membrane	  Blotting.	  Following	  protein	  transfer,	  the	  membrane	  was	  placed	  in	  blocking	  
solution	  (5%	  w/v	  non-­‐fat	  milk	  powder	  in	  Tris	  buffered	  saline	  with	  Tween	  20	  -­‐	  TBST	  [20mM	  
Tris	  pH	  7.5,	  150mM	  NaCl,	  0.1%	  Tween	  20])	  and	  incubated	  at	  room	  temperature	  for	  one	  
hour	  with	  constant	  agitation.	  	  The	  membrane	  was	  then	  incubated	  with	  an	  appropriate	  
primary	  antibody	  that	  had	  been	  diluted	  in	  blocking	  buffer	  for	  1	  hour	  at	  room	  temperature	  
with	  agitation.	  Following	  primary	  incubation	  the	  membrane	  was	  washed	  in	  wash	  buffer	  
(TBST)	  three	  times,	  15	  minutes	  each,	  with	  constant	  agitation.	  The	  membrane	  was	  then	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incubated	  with	  a	  secondary	  HRP	  conjugated	  antibody	  (Bio-­‐Rad)	  that	  had	  been	  diluted	  in	  
block	  buffer	  for	  one	  hour	  with	  gentle	  agitation,	  the	  membrane	  was	  then	  washed	  as	  
previously	  mentioned.	  	  Finally,	  a	  chemiluminescent	  substrate	  was	  made	  according	  to	  the	  
manufacturer’s	  instructions	  (Thermo	  Scientific)	  and	  was	  placed	  on	  the	  membrane.	  Excess	  
substrate	  was	  removed	  and	  the	  membrane	  placed	  in	  a	  clear	  plastic	  wallet.	  Signal	  was	  
captured	  using	  X-­‐ray	  film	  (Thermo	  Scientific).	  	  
	  
2.5	  DNA	  techniques	  
2.5.1	  Site-­‐directed	  mutagenesis	  
in	  vitro	  site-­‐directed	  mutagenesis	  was	  performed	  on	  full	  length	  cDNA	  clones	  of	  FMDV	  
using	  the	  Quickchange	  Lightning	  Site-­‐Directed	  Mutagenesis	  Kit	  (Agilent	  Technologies.	  
USA)	  and	  following	  the	  manufacturer’s	  protocol.	  	  Mutant	  cDNA	  was	  transformed	  in	  to	  
XL10-­‐Gold	  Ultracompetent	  cells	  (see	  below),	  where	  individual	  colonies	  were	  picked	  and	  
propagated.	  	  Plasmid	  DNA	  was	  isolated	  using	  the	  techniques	  described	  below	  then	  
sequenced	  to	  screen	  for	  mutations	  using	  Sangar	  sequencing	  (see	  2.5.12).	  	  All	  mutagenesis	  
was	  performed	  using	  HPLC	  level	  purity	  primers	  from	  Sigma	  Aldrich.	  
	  
2.5.2	  Restriction	  endonuclease	  digests	  
Reactions	  were	  carried	  out	  in	  a	  reaction	  volume	  of	  20µl	  unless	  otherwise	  stated	  according	  
to	  the	  manufacturer’s	  instructions.	  Restriction	  enzymes	  were	  supplied	  by	  Promega	  with	  
the	  exception	  of	  Hpa	  I	  which	  was	  supplied	  by	  Invitrogen.	  
	  
2.5.3	  Polymerase	  chain	  reaction	  
PCR	  was	  performed	  in	  a	  total	  reaction	  volume	  of	  50µl	  using	  components	  from	  a	  KOD	  Hot	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Start	  DNA	  Polymerase	  kit	  (Novagen,	  Japan).	  The	  reaction	  was	  assembled	  in	  a	  0.5ml	  PCR	  
tube	  as	  follows:	  
	  
5µl	  10X	  PCR	  buffer	  for	  KOD	  hot	  start	  DNA	  polymerase	  
5µl	  dNTPs	  (final	  concentration	  0.2mM)	  
3µl	  25mM	  MgSO4	  (final	  concentration	  1.5mM)	  
1-­‐2µl	  template	  DNA	  
1.5µl	  sense	  primer	  (10µM)	  (final	  concentration	  0.3µM)	  
1.5µl	  anti-­‐sense	  primer	  (10µM)	  (final	  concentration	  0.3µM)	  
1µl	  KOD	  Hot	  Start	  DNA	  Polymerase	  (1	  U/µl)	  
PCR	  grade	  water	  up	  to	  50µl	  
	  
The	  template	  DNA	  was	  either	  plasmid	  DNA,	  or	  single-­‐stranded	  anti-­‐sense	  DNA	  
synthesized	  from	  recovered	  RNA.	  The	  reaction	  was	  incubated	  in	  a	  thermal	  cycler	  
(Eppendorf	  Mastercycler)	  according	  to	  the	  following	  cycling	  parameters:	  
	  
	  
Step	   Temperature	   Time	  
	  
Step	  1.	   95°C	   2	  min	  
	  
Step	  2.	   95°C	   20	  sec	  
	  
Step3.	   50°C	   10	  sec	   30cycles	  
Step	  4.	  	   70°C	   40	  sec	  
	  	  
Products	  were	  analysed	  via	  agarose	  gel	  electrophoresis	  before	  further	  use	  in	  downstream	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processes.	  
	  
2.5.4	  Agarose	  gel	  electrophoresis	  
DNA	  or	  RNA	  samples	  were	  subjected	  to	  analysis	  via	  agarose	  gel	  electrophoresis.	  Agarose	  
gels	  were	  made	  by	  dissolving	  agarose	  powder	  to	  a	  final	  concentration	  of	  0.8-­‐1.5%	  in	  TAE	  
(40mM	  Tris	  pH7.6,	  20mM	  acetic	  acid,	  1mM	  EDTA)	  or	  TBE	  buffer	  (89mM	  Tris	  pH7.6,	  89mM	  
boric	  acid,	  2mM	  EDTA).	  Ethidium	  bromide	  (Promega)	  or	  GelRed	  (Biotium,	  USA)	  was	  added	  
to	  the	  molten	  agarose	  before	  setting	  to	  make	  a	  final	  concentration	  of	  0.5µg/ml	  or	  1µg/ml	  
respectively.	  An	  electric	  current	  of	  100	  volts	  was	  applied	  to	  the	  gels	  until	  the	  loading	  
buffer	  dye	  had	  migrated	  approximately	  two-­‐thirds	  of	  the	  distance	  of	  the	  gel.	  
	  
2.5.5	  Purification	  of	  DNA	  products	  
Restriction	  digested	  DNA	  products	  were	  subjected	  to	  agarose	  gel	  electrophoresis,	  stained	  
with	  ethidum	  bromide,	  and	  visualised	  using	  a	  UV	  light	  box	  (BioRad).	  Desired	  DNA	  bands	  
were	  excised	  and	  purified	  using	  an	  illustra	  GFX	  PCR	  DNA	  and	  gel	  band	  purification	  kit	  (GE	  
Lifesciences)	  and	  following	  the	  manufacturer’s	  protocol.	  DNA	  was	  eluted	  in	  nuclease-­‐free	  
water	  or	  10mM	  Tris-­‐HCL,	  pH	  8.0,	  and	  stored	  at	  -­‐20°C	  until	  needed.	  Alternatively,	  for	  full	  
length	  cDNA	  clones	  that	  were	  linearised	  using	  Hpa	  I	  these	  were	  cleaned	  up	  directly	  using	  
the	  kit	  mentioned	  above	  with	  no	  prior	  electrophoresis	  treatment.	  This	  was	  to	  prevent	  UV	  
damage	  to	  linear	  cDNA	  templates.	  
	  
2.5.6	  Alkaline	  phosphatase	  treatment	  
Vector	  DNA	  was	  dephosphorylated	  using	  a	  rAPid	  alkaline	  phosphatase	  kit	  from	  Roche.	  
Dephosphorylation	  improves	  the	  efficiency	  of	  DNA	  ligations	  as	  it	  prevents	  the	  resealing	  of	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vector	  DNA.	  The	  kit	  utilises	  recombinant	  enzyme	  from	  the	  yeast	  Pichia	  pastoris	  which	  can	  
be	  irreversibly	  deactivated	  by	  heating	  to	  75°C	  for	  2	  minutes.	  	  The	  reaction	  was	  set	  up	  
according	  to	  the	  manufacturer’s	  instructions.	  
	  
2.5.7	  DNA	  ligation	  
DNA	  ligations	  were	  performed	  using	  T4	  DNA	  ligase	  (Promega)	  according	  to	  the	  
manufacturer’s	  instructions.	  Reactions	  were	  performed	  in	  a	  total	  volume	  of	  10µl	  using	  
the	  10x	  buffer	  supplied	  and	  a	  molar	  vector	  to	  insert	  ratio	  of	  1:3.	  Ligations	  were	  incubated	  
overnight	  at	  4°C	  then	  transformed	  in	  to	  DH5α	  or	  TOP10	  competent	  E.coli	  cells.	  
	  
2.5.8	  Transformation	  of	  competent	  cells	  
DH5α	  and	  TOP10	  cells	  
Frozen	  competent	  cells	  were	  gently	  thawed	  on	  ice	  for	  5-­‐10	  minutes.	  An	  appropriate	  
amount	  of	  DNA	  (1-­‐5µl)	  was	  pipetted	  in	  to	  50µl	  of	  thawed	  cells	  and	  gently	  stirred,	  then	  left	  
to	  incubate	  on	  ice	  for	  30	  minutes.	  The	  cells	  were	  then	  heat	  shocked	  in	  a	  water	  bath	  at	  
42°C	  for	  45	  seconds,	  and	  returned	  to	  ice	  for	  a	  further	  2	  minutes.	  1ml	  of	  LB	  broth	  was	  
added	  and	  the	  cells	  were	  incubated	  in	  an	  orbital	  incubator	  for	  45-­‐60	  minutes	  at	  37°C	  with	  
continuous	  shaking	  at	  200rpm.	  Afterwards,	  the	  cells	  were	  plated	  on	  to	  LB	  agar	  plates	  
containing	  a	  suitable	  antibiotic	  (ampicillin	  at	  100µg/ml,	  or	  kanamycin	  at	  50µg/ml).	  The	  
plates	  were	  then	  incubated	  overnight	  at	  37°C	  until	  colonies	  were	  seen.	  	  
XL10-­‐Gold	  Ultracompetent	  cells	  
The	  protocol	  for	  XL10-­‐Gold	  Ultracompetent	  cells	  (Stratagene,	  USA)	  differs	  slightly.	  Cells	  
were	  thawed	  as	  above,	  then	  transferred	  in	  to	  pre-­‐chilled	  14ml	  BD	  Falcon	  polypropylene	  
round	  bottom	  tubes	  on	  ice.	  2µl	  of	  β-­‐ME	  was	  added	  to	  each	  aliquot	  of	  cells,	  the	  tubes	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swirled,	  and	  then	  incubated	  on	  ice	  for	  2	  minutes.	  An	  appropriate	  amount	  of	  ligated	  DNA	  
sample	  was	  added	  (1-­‐5µl)	  and	  incubated	  for	  a	  further	  30	  minutes	  on	  ice.	  The	  tubes	  were	  
heat-­‐pulsed	  for	  30	  seconds	  at	  42°C	  and	  then	  returned	  to	  ice	  for	  a	  further	  2	  minutes.	  NZY+	  
pre-­‐heated	  to	  42°C	  was	  added	  and	  the	  tubes	  were	  then	  incubated	  at	  37°C	  for	  45-­‐60	  
minutes	  with	  continuous	  shaking	  (200rpm).	  The	  cells	  were	  then	  plated	  as	  described	  
above.	  	  
	  
2.5.9	  Isolation	  of	  plasmid	  DNA	  
2.5.9.1	  Small	  scale	  DNA	  plasmid	  purification	  (mini-­‐preps)	  
Single	  bacterial	  colonies	  were	  picked	  using	  a	  sterile	  micro-­‐pipette	  tip	  and	  inoculated	  into	  
5ml	  of	  LB	  Broth	  containing	  the	  appropriate	  selective	  antibiotic	  (ampicillin	  100µg/ml	  or	  
kanamycin	  50µg/ml).	  This	  was	  incubated	  overnight	  at	  37°C	  in	  an	  orbital	  shaker	  (200rpm).	  
1.5ml	  of	  culture	  was	  transferred	  to	  a	  1.5ml	  micro-­‐centrifuge	  tube	  and	  spun	  at	  8000rpm	  
for	  3	  minutes	  in	  a	  bench-­‐top	  centrifuge	  to	  pellet	  cells.	  The	  supernatant	  was	  removed	  and	  
plasmid	  DNA	  was	  extracted	  from	  the	  pelleted	  cells	  using	  a	  Qiagen	  miniprep	  system	  
according	  to	  the	  manufacturer’s	  instructions.	  DNA	  was	  eluted	  in	  TE	  buffer	  (10mM	  Tris-­‐
HCL,	  pH	  8.0,	  1Mm	  EDTA)	  and	  stored	  at	  -­‐20°C	  until	  needed.	  Recovered	  plasmids	  were	  
analysed	  for	  correct	  size	  using	  agarose	  gel	  electrophoresis.	  	  
	  
2.5.9.2	  Medium	  Scale	  DNA	  plasmid	  purification	  (Midi-­‐preps)	  
Single	  colonies	  were	  picked	  as	  described	  above	  and	  placed	  in	  a	  500ml	  conical	  flask	  
containing	  100-­‐150ml	  of	  LB	  Broth	  with	  the	  appropriate	  selective	  antibiotic.	  The	  lids	  were	  
sealed	  and	  the	  flasks	  were	  incubated	  overnight	  at	  37°C	  with	  constant	  shaking.	  The	  
following	  day	  the	  culture	  was	  placed	  in	  a	  large	  scale	  centrifugation	  pot	  and	  spun	  at	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6500rpm	  for	  15	  minutes.	  The	  supernatant	  was	  removed	  and	  plasmid	  DNA	  was	  isolated	  
from	  the	  pellet	  using	  a	  HiSpeed	  plasmid	  Midi	  kit	  from	  Qiagen	  according	  to	  the	  
manufacturer’s	  instructions.	  DNA	  was	  eluted	  in	  1000µl	  TE	  buffer	  and	  stored	  at	  -­‐20°C	  until	  
needed.	  
	  
2.5.10	  Spectrophotometric	  determination	  of	  DNA	  concentration	  
DNA	  concentration	  was	  estimated	  using	  a	  Nanodrop	  1000	  apparatus,	  which	  measured	  
the	  optical	  density	  of	  a	  given	  sample	  at	  260nm.	  The	  apparatus	  was	  calibrated	  with	  
nuclease-­‐free	  water,	  and	  nuclease-­‐free	  water	  or	  TE	  buffer	  was	  used	  as	  a	  reference	  value.	  
1µl	  samples	  of	  DNA	  or	  RNA	  in	  their	  relevant	  buffer	  were	  assayed,	  and	  an	  OD260	  of	  1	  
corresponds	  to	  a	  double	  stranded	  DNA	  concentration	  of	  50µg/ml	  (50ng/µl).	  	  DNA	  purity	  is	  
calculated	  by	  the	  OD260/OD280	  ratio,	  with	  a	  pure	  DNA	  preparation	  having	  a	  ratio	  of	  
approximately	  1.8.	  	  
	  
2.5.11	  Mammalian	  cell	  transfection	  with	  plasmid	  DNA	  using	  lipofection	  
Cells	  to	  be	  transfected	  were	  grown	  on	  sterilised	  glass	  coverslips	  overnight	  until	  they	  were	  
70-­‐80%	  confluent.	  1µg	  of	  plasmid	  DNA	  was	  added	  to	  50µl	  OPTI-­‐MEM	  (Gibco)	  and	  mixed	  
gently,	  and	  in	  a	  separate	  tube	  1	  or	  2	  µl	  Lipofectamine	  (Invitrogen)	  was	  combined	  with	  
50µl	  OPTI-­‐MEM	  and	  mixed	  gently.	  These	  two	  mixtures	  were	  incubated	  at	  room	  
temperature	  for	  5	  minutes	  then	  combined,	  mixed	  gently,	  and	  incubated	  for	  a	  further	  20	  
minutes	  at	  room	  temperature	  to	  allow	  micelles	  to	  form.	  Cell	  monolayers	  were	  washed	  
with	  OPTI-­‐MEM	  media,	  then	  the	  DNA-­‐OPTI-­‐MEM	  complex	  was	  added	  to	  the	  cells	  drop-­‐
wise.	  	  The	  plates	  were	  gently	  rocked,	  and	  then	  an	  additional	  500µl	  of	  OPTI-­‐MEM	  media	  
was	  added	  to	  each	  well	  before	  incubating	  at	  37°C	  for	  4	  hours.	  After	  4	  hours,	  the	  cells	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were	  washed	  with	  OPTI-­‐MEM,	  and	  1	  ml	  of	  OPTI-­‐MEM	  was	  left	  in	  each	  well.	  The	  cells	  were	  
incubated	  for	  an	  appropriate	  number	  of	  hours	  to	  allow	  expression	  of	  the	  transfected	  
plasmid,	  and	  then	  either	  fixed	  with	  4%	  paraformaldehyde	  or	  used	  for	  further	  downstream	  
applications	  (see	  results	  chapters).	  
	  
2.5.12	  DNA	  sequencing	  
Purified	  DNA	  was	  sequenced	  using	  a	  BigDye®	  Terminator	  v3.1	  Cycle	  Sequencing	  Kit,	  
(Applied	  Biosystems,	  UK)	  and	  the	  appropriate	  primers.	  This	  system	  uses	  four-­‐colour	  
fluorophore	  conjugated	  dideoxy-­‐nucleotides	  in	  a	  terminator	  cycle	  sequencing	  reaction.	  
Sequencing	  reactions	  were	  ethanol	  precipitated,	  then	  re-­‐suspended	  in	  25µl	  of	  HI-­‐DI	  
formamide.	  Samples	  were	  run	  on	  an	  ABI	  3730	  DNA	  analyser.	  Sequences	  were	  analysed	  
using	  BioEdit	  (v7.0.5.3)	  and	  the	  ClustalW2	  algorithm.	  
	  
2.6	  RNA	  techniques	  
2.6.1	  In-­‐vitro	  transcription	  
Full-­‐length,	  synthetic	  RNA	  transcripts	  of	  the	  FMDV	  genome	  were	  made	  by	  the	  following	  
process.	  Purified,	  linearised	  infectious-­‐copy	  cDNA	  was	  used	  as	  a	  template	  for	  in	  vitro	  
transcription.	  RNA	  transcription	  reactions	  were	  assembled	  using	  the	  components	  of	  a	  T7	  
Megascript	  transcription	  kit	  (Ambion)	  which	  consisted	  of	  the	  following	  reagents;	  
	  
2µl	  ATP	  solution	  
2µl	  CTP	  solution	  
2µl	  GTP	  solution	  
2µl	  UTP	  solution	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2µl	  10X	  reaction	  buffer	  
2µl	  T7	  polymerase	  enzyme	  mix	  
to	  20µl	  Nuclease-­‐free	  water	  
	  
The	  reaction	  was	  assembled	  at	  room	  temperature	  to	  prevent	  co-­‐precipitation	  of	  the	  
spermidine	  from	  the	  10X	  buffer	  and	  the	  template	  DNA,	  then	  incubated	  at	  37°C	  for	  2-­‐4	  
hours.	  RNA	  was	  routinely	  analysed	  either	  by	  a	  standard	  1.5%	  TAE	  or	  TBE	  agarose	  
electrophoresis,	  or	  by	  a	  1.5%	  formaldehyde	  denaturing	  agarose	  gel.	  After	  adequate	  RNA	  
had	  been	  synthesised	  (as	  determined	  by	  electrophoresis	  analysis)	  1µl	  of	  TURBO	  DNase	  
was	  added	  to	  the	  reaction,	  mixed,	  and	  then	  incubated	  for	  a	  further	  15	  minutes	  at	  37°C.	  
This	  further	  step	  removes	  template	  DNA.	  RNA	  was	  either	  used	  immediately	  for	  
transfection,	  or	  stored	  in	  RNAse	  free	  tubes	  at	  -­‐80°C	  until	  required.	  
	  
2.6.2	  RNA	  transfection	  by	  electroporation	  
BHK-­‐21	  cells	  were	  removed	  from	  a	  confluent	  flask	  via	  trypsin,	  pelleted	  in	  a	  centrifuge	  by	  
spinning	  at	  1000rpm	  for	  3	  minutes,	  then	  re-­‐suspended	  in	  electroporation	  buffer	  and	  the	  
viable	  cells	  counted.	  The	  cells	  were	  then	  pelleted	  once	  again	  and	  re-­‐suspended	  in	  a	  
volume	  of	  electroporation	  buffer	  to	  make	  a	  final	  of	  2x106	  cells/ml.	  To	  an	  ice-­‐cold	  
electroporation	  cuvette	  (0.4cm	  gap,	  BIO-­‐RAD)	  0.8ml	  of	  cells	  were	  added	  followed	  by	  
approximately	  1µg	  of	  synthesized	  RNA.	  The	  cells	  were	  pulsed	  twice	  under	  the	  following	  
conditions:	  0.75kV	  and	  25µFD,	  then	  left	  to	  rest	  for	  10	  minutes	  at	  room	  temperature.	  
Following	  electroporation	  the	  cells	  were	  transferred	  in	  to	  a	  25cm2	  cell	  culture	  flask	  
containing	  4-­‐5ml	  of	  virus	  growth	  media,	  and	  placed	  in	  an	  incubator	  at	  37°C.	  Cells	  were	  
incubated	  until	  cytopathology	  was	  observed.	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2.6.3	  RNA	  transfection	  by	  lipofection	  
As	  an	  alternative	  to	  electroporation,	  some	  RNAs	  were	  transfected	  using	  the	  lipofection	  
compounds	  Escort	  (Sigma-­‐Aldrich)	  or	  Lipofectamine	  (Life	  Technologies).	  Protocols	  were	  
performed	  according	  to	  manufacturer’s	  instructions.	  
	  
2.6.4	  RNA	  extraction	  methods	  
Total	  RNA	  extraction	  using	  TRIzol	  
Cell-­‐culture	  flasks	  infected	  with	  FMDV	  were	  freeze-­‐thawed	  to	  increase	  virus	  yield	  then	  
centrifuged	  at	  3000rpm	  for	  10	  minutes	  to	  remove	  debris.	  Total	  RNA	  was	  isolated	  using	  
TRIzol	  (Invitrogen)	  as	  per	  the	  manufacturer’s	  instructions	  and	  re-­‐suspended	  in	  50µl	  
nuclease-­‐free	  water.	  
Viral	  RNA	  extraction	  using	  Qiagen	  column	  kit	  
Total	  viral	  RNA	  was	  isolated	  from	  140µl	  of	  clarified	  cell	  lysate	  using	  a	  QIAamp	  Viral	  RNA	  
Mini	  Kit	  (Qiagen)	  following	  the	  manufacturer’s	  instructions,	  and	  eluted	  in	  50µl	  of	  nuclease	  
free	  water.	  
RNA	  extracted	  via	  both	  methods	  was	  stored	  in	  RNAse	  free	  tubes	  and	  stored	  at	  -­‐80°C	  until	  
required.	  
	  
2.6.5	  Reverse	  transcription	  of	  recovered	  viral	  RNA	  	  
Coding-­‐DNA	  was	  generated	  and	  amplified	  using	  the	  Superscript-­‐III	  one-­‐step	  RT-­‐PCR	  kit	  
(Invitrogen)	  with	  5µl	  of	  extracted	  RNA	  mix.	  The	  first	  step	  involved	  is	  a	  denaturation	  step	  
followed	  by	  primer	  annealing.	  The	  primer	  O2B	  (5’-­‐CTCCTGCATCTGGTTGATGG-­‐3’)	  which	  
covers	  the	  FMDV	  2A-­‐2B	  junction,	  along	  with	  the	  necessary	  reagents	  according	  to	  the	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manufacturer’s	  protocol,	  were	  assembled	  and	  incubated	  at	  65°C	  for	  5	  minutes	  followed	  
by	  2	  minutes	  on	  ice:	  
	  
5µl	  RNA	  solution	  
2µl	  primer	  O2B	  (2µM)	  
1µl	  10mM	  dNTP	  
3µl	  nuclease-­‐free	  water	  
	  
After	  the	  annealing	  step,	  a	  reverse-­‐transcription	  stage	  was	  undertaken	  where	  anti-­‐sense	  
DNA	  encoding	  the	  FMDV	  genome	  was	  synthesised	  from	  the	  viral	  RNA.	  The	  following	  
reagents	  were	  added	  to	  the	  reaction	  mix:	  
	  
10X	  reaction	  buffer	  
4µl	  25mM	  MgCl2	  
2µl	  0.1M	  DTT	  
1µl	  RNase	  OUT	  (40U/µl)	  
	  
and	  incubated	  at	  50°C	  for	  45	  minutes.	  From	  this	  anti-­‐sense	  template	  the	  capsid	  encoding	  
region	  was	  amplified	  via	  PCR.	  PCR	  products	  for	  the	  capsid	  encoding	  regions	  were	  
obtained	  using	  KOD	  DNA	  polymerase	  (Novagen,	  USA),	  the	  generic	  forward	  primer	  O1A	  
(5’-­‐AACAACTACTACATGCAGC-­‐3’)	  which	  anneals	  to	  the	  VP4	  region,	  and	  the	  reverse	  primer	  
described	  above.	  Reactions	  were	  run	  on	  an	  Eppendorf	  vapo-­‐protect	  Mastercycler	  thermal	  
cycler.	  The	  reaction	  settings	  included	  30	  cycles	  of	  denaturisation	  at	  95°C	  for	  20	  seconds,	  
followed	  by	  primer	  annealing	  for	  10	  seconds	  at	  52.6°C,	  then	  finally	  elongation	  for	  50	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seconds	  at	  70°C.	  The	  end	  result	  was	  a	  DNA	  fragment	  approximately	  2.2	  –	  2.4	  kbp	  in	  
length.	  The	  PCR	  products	  were	  run	  on	  a	  1%	  agarose	  gel	  and	  the	  band	  corresponding	  to	  
the	  capsid	  encoding	  region	  was	  excised	  and	  purified	  using	  a	  GE	  IllustraTM	  GFXTM	  PCR	  
DNA	  and	  Gel	  Band	  Purification	  Kit	  (GE,	  UK).	  
	  
2.7	  Virus	  infectivity	  assays	  
2.7.1	  Quantification	  of	  infection	  assay	  (ELIPSOT)	  
For	  the	  enzyme-­‐linked	  immunospot	  (ELISPOT)	  assay,	  cells	  were	  seeded	  on	  to	  a	  poly-­‐L-­‐
lysine	  (Sigma)	  coated	  96	  well	  plate	  and	  grown	  overnight	  at	  37°C	  until	  approximately	  80-­‐
90%	  confluent.	  The	  cells	  were	  washed	  once	  with	  DMEM	  then	  incubated	  with	  FMDV	  at	  an	  
appropriate	  multiplicity	  of	  infection	  for	  1	  hour.	  The	  monolayers	  were	  then	  washed	  and	  
incubated	  in	  DMEM	  for	  a	  further	  2.5	  or	  3	  hours	  before	  being	  fixed	  with	  4%	  PFM	  in	  
phosphate	  buffered	  saline	  (PBS)	  for	  1	  hour.	  The	  fixed	  cells	  were	  then	  permeabilised	  with	  
0.1%	  Triton-­‐X	  in	  PBS	  for	  15	  minutes,	  and	  then	  incubated	  with	  blocking	  buffer	  for	  30	  
minutes	  (10%	  normal	  goat	  serum	  and	  1%	  fish	  gelatine	  in	  TBS).	  The	  cells	  were	  incubated	  
sequentially	  for	  1	  hour	  each	  at	  room	  temperature	  with:	  MAb	  2C2	  (mouse	  IgG2a)	  which	  
recognises	  NSP	  3A,	  a	  biotinylated	  goat	  anti-­‐mouse	  IgG	  secondary	  antibody	  (Southern	  
Biotechnologies),	  then	  streptavidin-­‐conjugated	  alkaline	  phosphatase	  (Caltag	  
Laboratories).	  The	  cells	  were	  developed	  by	  adding	  an	  alkaline	  phosphatase	  substrate	  (Bio-­‐
Rad)	  for	  approximately	  10	  minutes	  according	  to	  the	  manufacturer’s	  instructions,	  washed	  
with	  distilled	  water,	  then	  allowed	  to	  air	  dry.	  Infected	  cells	  were	  stained	  dark	  blue	  and	  
were	  quantified	  using	  an	  ELISPOT	  plate	  reader	  (Zeiss).	  Non-­‐specific	  labelling	  was	  
quantified	  by	  either	  omitting	  2C2	  or	  by	  mock	  infecting	  cells.	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2.7.2	  Virus	  growth	  curve	  analysis	  
BHK-­‐21	  cells	  were	  prepared	  on	  6-­‐well	  plates	  at	  a	  density	  of	  approximately	  18.5x105	  cells	  
per	  well.	  	  The	  cells	  were	  washed	  with	  PBS	  (containing	  Mg2+	  and	  Ca2+	  ions)	  then	  1ml	  of	  
virus	  growth	  media	  containing	  7.1x105	  plaque-­‐forming	  particles	  was	  added	  and	  incubated	  
at	  37°C	  for	  30	  minutes.	  	  Thus	  the	  cells	  were	  infected	  at	  a	  multiplicity	  of	  infection	  (moi)	  of	  
approximately	  0.4.	  	  Afterwards,	  the	  cells	  were	  acid	  washed	  (citric	  acid	  in	  0.85%	  saline,	  pH	  
5.2)	  to	  dissociate	  any	  surface	  bound	  or	  free-­‐floating	  virus,	  then	  washed	  three	  times	  with	  
PBS.	  	  Virus	  growth	  media	  (3ml)	  was	  then	  added	  to	  each	  well	  and	  the	  plates	  were	  
incubated	  at	  37°C.	  	  Aliqouts	  were	  taken	  at	  time	  points	  0,	  2,	  4,	  6,	  8,	  and	  10	  hours	  post-­‐
infection	  and	  stored	  at	  -­‐80°C	  until	  needed.	  	  Virus	  titre	  was	  determined	  via	  plaque	  assay	  
(see	  above).	  
	  
2.8	  Construction	  of	  pO1K/A-­‐	  
The	  plasmid	  pT7S3,	  which	  contains	  the	  full	  length	  cDNA	  of	  the	  O1KB64	  strain	  of	  FMDV	  
(Ellard	  et	  al,	  1999),	  was	  used	  in	  the	  construction	  of	  the	  following	  virus.	  Figure	  4.1	  briefly	  
annotates	  the	  construction	  process.	  	  The	  chimeric	  plasmid	  was	  made	  by	  replacing	  the	  
VP2-­‐2A	  coding	  region	  for	  O1KB64	  with	  the	  corresponding	  coding	  region	  from	  A/Iran/87	  A-­‐
.	  	  Briefly,	  a	  stock	  of	  cell-­‐culture	  adapted	  A/Iran/87	  A-­‐	  was	  provided	  by	  Dr	  Veronica	  Fowler	  
(Pirbright	  Institute)	  and	  passaged	  once	  in	  BHK-­‐21	  cells.	  The	  infected	  flask	  was	  subjected	  
to	  one	  cycle	  of	  freeze-­‐thaw	  and	  total	  RNA	  was	  extracted	  from	  clarified	  lysate	  using	  Trizol.	  	  
Anti-­‐sense	  cDNA	  corresponding	  to	  the	  capsid	  encoding	  region	  was	  then	  synthesized	  using	  
the	  method	  outlined	  previously	  and	  the	  P1-­‐2A	  region	  was	  amplified	  using	  PCR	  and	  the	  
forward	  primer	  CACTGCTAGCCGACAAAAAGACAGAGGAAACTA	  and	  the	  reverse	  primer	  
GAAGGGCCCAGGGTTGGATTCAACGTCT.	  	  The	  forward	  primer	  introduced	  a	  Nhe	  I	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restriction	  site	  near	  the	  5’	  end	  of	  the	  capsid	  encoding	  region	  and	  the	  reverse	  primer	  
introduced	  an	  Apa	  I	  restriction	  site	  near	  the	  3’	  end.	  The	  resulting	  cDNA	  was	  gel-­‐purified,	  
blunt-­‐end	  ligated	  in	  to	  pCR-­‐Blunt	  II-­‐TOPO	  to	  make	  pCR-­‐Blunt	  II-­‐TOPOΔFMDV,	  then	  
double-­‐digested	  with	  Nhe	  I	  and	  Apa	  I	  to	  release	  the	  capsid-­‐encoding	  fragment.	  	  This	  
fragment	  was	  ligated	  in	  to	  an	  intermediate	  vector:	  which	  contained	  half	  of	  the	  O1KB64	  
infectious	  clone	  cDNA,	  including	  the	  capsid	  encoding	  region.	  	  Before	  ligation,	  the	  pGEM-­‐
9Zf_O1K	  plasmid	  had	  been	  similarly	  digested	  with	  Nhe	  I	  and	  Apa	  I	  to	  remove	  the	  O1KB64	  
capsid	  encoding	  region.	  Finally,	  the	  Δ	  pGEM-­‐9Zf_O1K/A/Iran/87	  hybrid	  fragment	  was	  
released	  from	  pGEM-­‐9Zf	  by	  digestion	  with	  Xba	  I,	  and	  then	  ligated	  to	  the	  corresponding	  
fragment	  containing	  the	  remaining	  genome	  sequence	  of	  pT7S3-­‐O1KB64.	  Correct	  ligation	  
orientation	  was	  determined	  by	  PCR.	  	  The	  end	  result	  was	  a	  full-­‐length	  cDNA	  clone	  of	  FMDV	  
containing	  VP2-­‐2A	  from	  A/Iran/87	  A-­‐,	  and	  the	  remaining	  genome,	  including	  the	  non-­‐
structural	  coding	  region,	  from	  O1KB64.	  The	  resulting	  chimeric	  cDNA	  clone	  is	  referred	  to	  as	  
O1K/A-­‐	  in	  this	  thesis.	  
	  
2.9	  Construction	  of	  pO1K-­‐KGA	  
The	  plasmid	  pT7S3	  used	  in	  construction	  of	  this	  virus	  (Ellard	  et	  al,	  1999).	  	  Site-­‐directed	  
mutagenesis	  was	  used	  to	  mutate	  the	  RGD	  of	  VP1	  144-­‐146	  to	  KGA	  using	  the	  forward	  
primer	  5’-­‐GCTGTGCCCAACTTGAAAGGTGCGCTTCAGGTGTTGG-­‐3’	  and	  the	  reverse	  primer	  
5’-­‐CCAACACCTGAAGCGCACCTTTCAAGTTGGGCACAGC-­‐3’,	  thus	  abrogating	  integrin	  binding.	  	  
The	  mutated	  cDNA	  plasmid	  was	  used	  as	  a	  template	  to	  make	  synthetic	  viral	  RNA	  which	  
was	  subsequently	  used	  to	  transfect	  cells	  and	  rescue	  virus	  (see	  RNA	  techniques	  section).	  	  
Virus	  rescued	  from	  this	  mutant	  is	  referred	  to	  throughout	  the	  text	  as	  O1K-­‐KGA.	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2.10	  Generation	  of	  mutant	  O1K/A-­‐	  and	  O1K/ATur	  viruses	  
Site-­‐directed	  mutagenesis	  on	  the	  O1K/A-­‐	  or	  O1K/ATur	  cDNA	  clones	  was	  performed	  
according	  to	  2.5.1.	  	  HPLC	  purity-­‐level	  primers	  were	  ordered	  from	  Sigma-­‐Aldrich	  (USA).	  	  
Plasmid	  O1K/A-­‐	  contains	  VP2-­‐2A	  from	  A/Turkey/2/2006	  in	  the	  backbone	  of	  O1KB64	  
(pT7S3).	  	  	  Changes	  were	  made	  at	  VP2	  78-­‐80,	  130-­‐131,	  and/or	  VP1	  109-­‐110.	  	  The	  changes	  
and	  the	  primers	  used	  are	  listed	  in	  Table	  2.1	  and	  2.2.	  Mutations	  were	  made	  sequentially,	  
and	  the	  P1	  region	  of	  each	  plasmid	  was	  sequenced	  to	  ensure	  no	  unintended	  mutations	  
had	  occurred.	  
	  
	  
	  
	  
Mutation	   Primers	  
VP2	  78-­‐80	  LEK	  
to	  SAR	  	  
Forward	   5'-­‐GCT-­‐TTT-­‐GGA-­‐CAC-­‐TCG-­‐GCA-­‐AGG-­‐CTG-­‐GAA-­‐CTC-­‐CCC-­‐3'	  
Reverse	   5'-­‐GGG-­‐GAG-­‐TTC-­‐CAG-­‐CCT-­‐TGC-­‐CGA-­‐GTG-­‐TCC-­‐AAA-­‐AGC-­‐3'	  
VP2	  130-­‐131	  
KE	  to	  EK	  
Forward	   5'-­‐GCC-­‐ATG-­‐GTA-­‐CCT-­‐GAG-­‐TGG-­‐GAG-­‐AAA-­‐TTT-­‐ACC-­‐CCT-­‐CGT-­‐GAG-­‐3'	  
Reverse	   5'-­‐CTC-­‐ACG-­‐AGG-­‐GGT-­‐AAA-­‐TTT-­‐CTC-­‐CCA-­‐CTC-­‐AGG-­‐TAC-­‐CAT-­‐GGC-­‐3'	  
VP2	  130-­‐131	  
KE	  to	  KK	  
Forward	   5'-­‐GCC-­‐ATG-­‐GTA-­‐CCT-­‐GAG-­‐TGG-­‐AAA-­‐AAA-­‐TTT-­‐ACC-­‐CCT-­‐CGT-­‐GAG-­‐3'	  
Reverse	   5'-­‐CTC-­‐ACG-­‐AGG-­‐GGT-­‐AAA-­‐TTT-­‐TTT-­‐CCA-­‐CTC-­‐AGG-­‐TAC-­‐CAT-­‐GGC-­‐3'	  
VP1	  110	  Q	  to	  A	  
Forward	   5'-­‐GCC-­‐TAC-­‐CAC-­‐AAG-­‐GCA-­‐CCA-­‐TTT-­‐ACG-­‐AGA-­‐CTT-­‐GCG-­‐3'	  
Reverse	   5'-­‐CGC-­‐AAG-­‐TCT-­‐CGT-­‐AAA-­‐TGG-­‐TGC-­‐CTT-­‐GTG-­‐GTA-­‐GGC-­‐3'	  
VP1	  109-­‐110	  
KQ	  to	  QK	  
Forward	   5'-­‐CC-­‐GCC-­‐TAC-­‐CAC-­‐CAG-­‐AAG-­‐CCA-­‐TTT-­‐ACG-­‐AG-­‐3'	  
Reverse	   5'-­‐CT-­‐CGT-­‐AAA-­‐TGG-­‐CTT-­‐CTG-­‐GTG-­‐GTA-­‐GGC-­‐GG-­‐3'	  
VP1	  109-­‐110	  
KQ	  to	  AK	  
Forward	   5'-­‐CC-­‐GCC-­‐TAC-­‐CAC-­‐GCA-­‐AAG-­‐CCA-­‐TTT-­‐ACG-­‐AG-­‐3'	  
Reverse	   5'-­‐CT-­‐CGT-­‐AAA-­‐TGG-­‐CTT-­‐TGC-­‐GTG-­‐GTA-­‐GGC-­‐GG-­‐3'	  
VP1	  144-­‐146	  
RGD	  to	  KGA	  
Forward	   GGT-­‐AAT-­‐GGC-­‐AGA-­‐AAA-­‐GGT-­‐GCG-­‐CTG-­‐GGG-­‐CCT-­‐C	  
Reverse	   G-­‐AGG-­‐CCC-­‐CAG-­‐CGC-­‐ACC-­‐TTT-­‐TCT-­‐GCC-­‐ATT-­‐ACC	  
	  
Table	  2.1.	  Primer	  sequences	  used	  to	  introduce	  the	  listed	  mutations	  into	  an	  infectious	  cDNA	  clone	  of	  O1K/ATur	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Mutation	   Primers	  
VP2	  78-­‐80	  
SAR	  to	  SAA	  
Forward	   5'-­‐AAG-­‐CCG-­‐TTT-­‐GGG-­‐CAC-­‐	  TCA-­‐GCA-­‐GCG	  -­‐TTG-­‐GAA-­‐CTC-­‐CCC-­‐ACC-­‐3'	  
Reverse	   5'-­‐GGT-­‐GGG-­‐GAG-­‐TTC-­‐CAA-­‐CGC-­‐TGC-­‐TGA-­‐GTG-­‐CCC-­‐AAA-­‐CGG-­‐CTT-­‐3'	  
VP2	  78-­‐80	  
SAR	  to	  AAA	  
Forward	   5'-­‐AAG-­‐CCG-­‐TTT-­‐GGG-­‐CAC-­‐	  GCA-­‐GCA-­‐GCG	  -­‐TTG-­‐GAA-­‐CTC-­‐CCC-­‐ACC-­‐3'	  
Reverse	   5'-­‐GGT-­‐GGG-­‐GAG-­‐TTC-­‐CAA-­‐CGC-­‐TGC-­‐TGC-­‐GTG-­‐CCC-­‐AAA-­‐CGG-­‐CTT-­‐3'	  
VP2	  78-­‐80	  
SAR	  to	  AAR	  
Forward	   5'-­‐AAG-­‐CCG-­‐TTT-­‐GGG-­‐CAC-­‐	  GCA-­‐GCA-­‐AGA	  -­‐TTG-­‐GAA-­‐CTC-­‐CCC-­‐ACC-­‐3'	  
Reverse	   5'-­‐GGT-­‐GGG-­‐GAG-­‐TTC-­‐CAA-­‐TCT-­‐TGC-­‐TGC-­‐GTG-­‐CCC-­‐AAA-­‐CGG-­‐CTT-­‐3'	  
VP2	  78-­‐80	  
SAR	  to	  LEK	  
Forward	   5'-­‐AAG-­‐CCG-­‐TTT-­‐GGG-­‐CAC-­‐CTG-­‐GAA-­‐AAA-­‐TTG-­‐GAA-­‐CTC-­‐CCC-­‐ACC-­‐3'	  
Reverse	   5'-­‐GGT-­‐GGG-­‐GAG-­‐TTC-­‐CAA-­‐TTT-­‐TTC-­‐CAG-­‐GTG-­‐CCC-­‐AAA-­‐CGG-­‐CTT-­‐3'	  
VP2	  78-­‐80	  
SAR	  to	  LER	  
Forward	   5'-­‐AAG-­‐CCG-­‐TTT-­‐GGG-­‐CAC-­‐CTG-­‐GAA-­‐AGG-­‐TTG-­‐GAA-­‐CTC-­‐CCC-­‐ACC-­‐3'	  
Reverse	   5'-­‐GGT-­‐GGG-­‐GAG-­‐TTC-­‐CAA-­‐CCT-­‐TTC-­‐CAG-­‐GTG-­‐CCC-­‐AAA-­‐CGG-­‐CTT-­‐3'	  
VP2	  130-­‐131	  
EK	  to	  KE	  
Forward	   5'-­‐GCC-­‐ATG-­‐GTT-­‐CCT-­‐GAA-­‐TGG-­‐AAA-­‐GAG-­‐TTC-­‐ACT-­‐CAG-­‐CGC-­‐GAG-­‐3'	  
Reverse	   5'-­‐CTC-­‐GCG-­‐CTG-­‐AGT-­‐GAA-­‐CTC-­‐TTT-­‐CCA-­‐TTC-­‐AGG-­‐AAC-­‐CAT-­‐GGC-­‐3'	  
VP2	  130-­‐131	  
EK	  to	  ER	  
Forward	   5'-­‐CCT-­‐GAA-­‐TGG-­‐GAG-­‐AGG-­‐TTC-­‐ACT-­‐CAG-­‐CGC-­‐GAG-­‐3'	  
Reverse	   5'-­‐CTC-­‐GCG-­‐CTG-­‐AGT-­‐GAA-­‐CCT-­‐CTC-­‐CCA-­‐TTC-­‐AGG-­‐3'	  
VP2	  130-­‐131	  
EK	  to	  AA	  
Forward	   5'-­‐GCC-­‐ATG-­‐GTT-­‐CCT-­‐GAA-­‐TGG-­‐GCA-­‐GCA-­‐TTC-­‐ACT-­‐CAG-­‐CGC-­‐GAG-­‐3'	  
Reverse	   5'-­‐CTC-­‐GCG-­‐CTG-­‐AGT-­‐GAA-­‐TGC-­‐TGC-­‐CCA-­‐TTC-­‐AGG-­‐AAC-­‐CAT-­‐GGC-­‐3'	  
Table	  2.2.	  Primer	  sequences	  used	  to	  introduce	  the	  listed	  mutations	  into	  an	  infectious	  cDNA	  clone	  of	  O1K/A-­‐	  
	  
	  
2.11	  Immunofluorescence	  microscopy	  
2.11.1	  Detection	  of	  intracellular	  antigen	  
Cells	  were	  seeded	  on	  to	  13mm	  boro-­‐silicate	  glass	  coverslips	  and	  grown	  until	  50-­‐80%	  
confluent.	  The	  appropriate	  assay	  was	  performed	  on	  the	  cells	  (see	  results	  sections)	  before	  
downstream	  processing.	  To	  label	  intracellular	  antigen,	  the	  cells	  were	  washed	  twice	  with	  
PBS	  then	  fixed	  with	  4%	  paraformaldehyde	  in	  PBS	  for	  50	  minutes.	  After	  three	  washes	  with	  
PBS,	  the	  cells	  were	  permeabilised	  for	  15-­‐20	  minutes	  using	  0.1%	  Triton	  X-­‐100	  (Sigma)	  in	  
PBS.	  The	  cells	  were	  washed	  three	  times	  with	  PBS	  and	  non-­‐specific	  binding	  sites	  were	  
blocked	  using	  a	  goat-­‐fish	  blocking	  buffer	  (10%	  normal	  goat	  serum,	  1%	  fish	  gelatine,	  TBS)	  
for	  30-­‐60	  minutes.	  Following	  blocking,	  intracellular	  antigen	  was	  labelled	  using	  an	  
appropriate	  primary	  antibody	  diluted	  to	  an	  appropriate	  concentration	  (see	  results	  
chapters)	  in	  block	  buffer,	  and	  then	  incubated	  at	  room-­‐temperature	  for	  one	  hour.	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Unbound	  primary	  antibody	  was	  removed	  by	  washing	  the	  cells	  three	  times	  for	  five	  
minutes	  each	  with	  PBS.	  To	  detect	  primary	  antibody	  the	  cells	  were	  incubated	  with	  a	  
subsequent	  Alexa	  fluor	  conjugated	  secondary	  antibody	  (Life	  Technologies)	  that	  
recognised	  the	  primary	  antibody.	  An	  appropriate	  fluorescent	  secondary	  antibody	  was	  
diluted	  in	  blocking-­‐buffer	  at	  a	  concentration	  of	  1	  in	  200	  and	  then	  incubated	  with	  the	  cells	  
for	  45	  minutes	  at	  room-­‐temperature.	  Once	  again,	  unbound	  antibody	  was	  removed	  via	  
three	  washes	  for	  five	  minutes	  with	  PBS.	  The	  nuclei	  were	  stained	  with	  DAPI,	  a	  fluorescent	  
stain	  that	  binds	  to	  clusters	  of	  A-­‐T	  regions	  in	  the	  minor	  groove	  of	  DNA,	  for	  ten	  minutes.	  
Finally,	  the	  cells	  were	  washed	  three	  times	  with	  PBS,	  then	  once	  with	  distilled	  water	  to	  
remove	  salts.	  The	  coverslip	  was	  mounted	  on	  to	  a	  microscope	  slide	  with	  Vectashield	  
mounting	  medium	  (Vector	  Laboratories)	  and	  sealed	  using	  clear	  nail	  polish.	  For	  
experiments	  where	  more	  than	  one	  intracellular	  antigen	  was	  being	  labelled,	  antibodies	  
were	  selected	  that	  did	  not	  cross-­‐react	  with	  one	  another,	  i.e.	  mouse	  IgG	  and	  rabbit	  IgG.	  
Appropriate	  controls	  were	  carried	  out	  to	  ensure	  there	  was	  no	  cross-­‐reactivity	  between	  
primary	  antibodies	  from	  different	  species.	  
	  
2.11.2	  Direct	  fluorophore	  conjugation	  primary	  monoclonal	  antibodies	  
Occasionally	  it	  was	  necessary	  to	  directly	  conjugate	  a	  primary	  antibody	  to	  an	  Alexa-­‐fluor	  
fluorescent	  ligand.	  For	  example,	  where	  it	  was	  necessary	  to	  use	  two	  primary	  antibodies	  
that	  came	  from	  the	  same	  species	  (e.g.	  mouse)	  but	  where	  cross-­‐reactivity	  had	  to	  be	  
avoided.	  	  A	  Zenon	  labelling	  kit	  from	  Life	  Technologies	  was	  used	  to	  directly	  conjugate	  
Alexa-­‐fluor	  594	  to	  a	  mouse	  anti-­‐EEA-­‐1	  IgG1	  monoclonal	  antibody	  and	  was	  performed	  
according	  to	  the	  manufacturer’s	  instructions.	  	  Zenon-­‐labelled	  primary	  antibodies	  were	  
the	  final	  antibody	  to	  be	  used	  in	  sequential	  labelling	  to	  prevent	  cross-­‐contamination	  from	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secondary	  antibodies.	  	  After	  incubation,	  excess	  Zenon-­‐antibody	  is	  washed	  away	  and	  the	  
cells	  were	  fixed	  once	  more	  with	  4%	  PFM	  for	  15-­‐20	  minutes	  which	  fixes	  the	  Zenon-­‐Fab	  
fragments	  to	  their	  respective	  primary	  antibody.	  
	  
2.11.3	  Virus	  and	  transferrin	  internalisation	  
2.11.3.1	  Binding	  and	  internalisation	  of	  sucrose	  purified	  virus	  
Cells	  were	  cooled	  by	  placing	  the	  cell-­‐culture	  vessel	  on	  ice	  and	  washing	  twice	  with	  cold	  
(4°C)	  DMEM.	  Cells	  were	  incubated	  with	  purified	  FMDV	  diluted	  in	  cold	  DMEM	  at	  2µg/ml,	  
5µg/ml	  or	  10µg/ml	  for	  45-­‐60	  minutes.	  Unbound	  virus	  was	  removed	  via	  two	  washes	  with	  
cold	  DMEM	  or	  PBS.	  From	  here,	  the	  cells	  were	  either	  fixed	  with	  4%	  PFM	  and	  labelled	  to	  
investigate	  surface	  bound	  virus,	  or	  warmed	  to	  allow	  virus	  entry.	  To	  allow	  virus	  
internalisation,	  cells	  were	  gently	  warmed	  by	  one	  wash	  with	  room-­‐temperature	  DMEM,	  
200µl	  of	  room-­‐temp	  DMEM	  was	  then	  placed	  over	  each	  coverslip	  and	  the	  cell-­‐culture	  
vessel	  placed	  in	  an	  incubator	  at	  37°C	  for	  the	  times	  indicated	  in	  the	  results	  section.	  	  
Internalisation	  was	  halted	  by	  placing	  the	  cell-­‐culture	  vessel	  on	  ice,	  washing	  once	  with	  ice-­‐
cold	  PBS,	  then	  fixation	  with	  ice-­‐cold	  4%	  PFM	  for	  50	  minutes.	  Cells	  were	  then	  processed	  to	  
label	  intracellular	  antigen.	  
	  
2.11.3.2	  Binding	  and	  internalisation	  of	  transferrin	  
Cells	  were	  washed	  two	  times	  with	  serum-­‐free	  media	  to	  remove	  serum,	  they	  were	  then	  
serum	  starved	  for	  50	  minutes	  by	  incubating	  in	  serum-­‐free	  media.	  This	  process	  causes	  
depletion	  of	  iron,	  thus	  up-­‐regulating	  transferrin	  receptor	  expression	  and	  internalisation,	  
and	  leading	  to	  an	  improved	  immuno-­‐fluorescence	  signal.	  Alexa-­‐fluor	  conjugated	  
transferrin	  (Life	  Technologies)	  was	  diluted	  in	  DMEM	  to	  a	  concentration	  of	  20µg/ml	  and	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incubated	  with	  the	  cells	  for	  an	  appropriate	  amount	  of	  time	  at	  37°C	  to	  allow	  uptake.	  
Internalisation	  was	  halted	  and	  the	  cells	  fixed	  using	  cold	  4%	  paraformaldehyde	  with	  0.2%	  
glutaraldehyde	  in	  PBS	  for	  45-­‐60	  minutes	  on	  ice.	  
	  
2.11.4	  Serial-­‐labelling	  procedure	  for	  detection	  of	  internal	  and	  surface-­‐bound	  virus	  
A	  serial	  labelling	  procedure	  was	  used	  that	  allowed	  internal	  and	  cell	  surface-­‐bound	  virus	  to	  
be	  labelled	  different	  Alexa-­‐fluor	  colours	  whilst	  utilising	  the	  same	  primary	  antibody.	  The	  
cells	  were	  infected	  with	  virus	  as	  described	  in	  section	  2.11.3.1	  and	  then	  fixed	  with	  4%	  
PFM.	  The	  first	  stage	  of	  the	  labelling	  procedure	  is	  performed	  prior	  to	  permeabilisation	  and	  
labels	  surface-­‐bound	  virus.	  Surface	  bound	  virus	  was	  labelled	  with	  the	  anti-­‐FMDV	  capsid	  
antibody	  IB11,	  followed	  by	  Alexa-­‐fluor	  goat	  anti-­‐mouse	  594	  (red)	  secondary.	  The	  cells	  
were	  then	  fixed	  again	  with	  4%	  PFM	  for	  15	  minutes	  to	  prevent	  the	  antibodies	  from	  
detaching,	  followed	  by	  three	  washes	  with	  PBS	  and	  permeabilisation	  with	  0.1%	  Triton	  X-­‐
100	  in	  PBS	  for	  15	  minutes.	  The	  cells	  were	  then	  blocked	  and	  labelled	  according	  to	  
2.11.1.The	  same	  primary	  antibody	  was	  used,	  however	  a	  different	  colour	  secondary	  was	  
used	  (Alexa-­‐fluor	  488,	  green).	  	  Thus,	  internal	  virus	  is	  green,	  whereas	  surface	  bound	  virus	  
is	  red	  or	  yellow.	  	  	  	  
	  
	  
	  
	  
	  
	  
	  
118	  
Chapter	  Three:	  Capsid	  sequence	  analysis	  of	  FMDV	  A/Iran/87	  variants	  
	  
3.1	  Introduction	  
Field-­‐isolates	  of	  FMDV	  bind	  to	  integrins	  on	  cells	  via	  a	  highly	  conserved	  RGD	  motif	  located	  
at	  the	  apex	  of	  a	  conformationally	  flexible	  loop	  of	  VP1	  (the	  G-­‐H	  loop,	  see	  sections	  1.4	  and	  
1.11).	  	  However	  during	  cell-­‐passage	  FMDV	  often	  adapts	  to	  utilize	  heparan-­‐sulphate	  (HS)	  
as	  an	  alternative	  receptor	  via	  the	  acquisition	  of	  amino-­‐acid	  mutations	  that	  results	  in	  a	  net	  
gain	  of	  positive	  charge	  on	  the	  outer	  capsid	  surface	  (see	  introduction	  section	  1.9.6).	  	  The	  
most	  important	  of	  these	  changes	  is	  the	  acquisition	  of	  arginine	  (Arg	  or	  R)	  at	  VP3	  56	  as	  it	  
makes	  extensive	  electrostatic	  contacts	  with	  negatively	  charged	  cell-­‐surface	  HS	  molecules.	  	  
Binding	  to	  HS	  results	  in	  an	  expanded	  tropism	  for	  cultured	  cells,	  including	  CHO	  cells,	  which	  
lack	  all	  of	  the	  known	  integrin	  receptors	  utilised	  by	  FMDV.	  	  In	  addition	  to	  using	  HS,	  some	  
cell-­‐culture	  adapted	  FMDV’s	  appear	  to	  use	  other,	  as	  yet	  	  unidentified	  receptors	  [355,	  376-­‐
378].	  	  For	  example,	  the	  acquisition	  of	  positively	  charged	  residues	  at	  VP1	  109	  and	  110	  
allows	  FMDV	  infection	  of	  CHO	  cells	  in	  a	  HS-­‐independent	  and	  integrin-­‐independent	  
manner	  [470].	  
	  
3.2	  Identification	  of	  a	  variant	  of	  A/Iran/87	  with	  a	  13-­‐amino-­‐acid	  deletion	  within	  the	  VP1	  
G-­‐H	  loop	  
Recently,	  a	  type	  A	  virus	  was	  isolated	  from	  a	  vaccine	  stock	  after	  three	  rounds	  of	  plaque	  
purification	  in	  BHK21	  cells	  which	  had	  a	  13	  amino-­‐acid	  (residues	  140-­‐152)	  deletion	  within	  
the	  G-­‐H	  loop	  of	  VP1,	  which	  included	  the	  integrin-­‐binding	  RGD	  motif.	  	  The	  parental	  virus	  
(A/Iran/87	  [385])	  was	  isolated	  near	  Tehran	  (Iran)	  in	  1987	  and	  was	  developed	  as	  a	  vaccine	  
strain	  (Nick	  Knowles,	  personal	  communication).	  	  During	  vaccine	  development	  A/Iran/87	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acquired	  several	  amino	  acid	  changes	  in	  the	  capsid.	  	  This	  virus	  was	  called	  A/Iran/87	  A+	  and	  
retained	  a	  full	  length	  VP1	  G-­‐H	  loop.	  	  It	  was	  from	  this	  vaccine	  stock	  that	  the	  G-­‐H	  loop	  
deleted	  variant	  was	  subsequently	  isolated.	  	  This	  virus	  was	  called	  A/Iran/87	  A-­‐.	  	  Figure	  3.1	  
shows	  the	  amino	  acid	  differences	  between	  the	  parental	  virus	  (hence	  forth	  called	  the	  field	  
isolate	  [FI]),	  and	  the	  A+	  and	  A-­‐	  viruses.	  	  The	  A+	  virus	  has	  an	  intact	  G-­‐H	  loop	  but	  had	  
acquired	  mutations	  flanking	  the	  RGD	  (at	  the	  RGD-­‐2	  [A140D],	  -­‐1	  [R141S]	  and	  +3	  [S147P]	  
sites).	  	  The	  A-­‐	  virus	  has	  a	  13	  amino-­‐acid	  deletion	  between	  residues	  140-­‐152	  and	  two	  other	  
mutations	  not	  seen	  in	  A+	  (at	  VP1	  A134V	  and	  A154K).	  	  Normally,	  viruses	  with	  a	  deleted	  or	  
modified	  RGD	  are	  no	  longer	  infectious	  in	  cell	  culture	  and	  cannot	  cause	  disease	  in	  animals	  
(see	  introduction	  section	  1.9).	  	  However,	  the	  A-­‐	  virus	  was	  shown	  to	  infect	  BHK-­‐21	  and	  
CHO	  cells,	  and	  CHO	  cells	  that	  lack	  HS	  (CHO-­‐677)	  or	  both	  HS	  and	  chondroitin-­‐sulphate	  
(CHO-­‐745)	  (Veronica	  Fowler,	  personal	  communication)	  and	  also	  caused	  FMD	  in	  cattle	  
[390].	  	  Similarly,	  the	  A+	  virus	  was	  also	  shown	  to	  infect	  CHO,	  CHO-­‐677	  and	  CHO-­‐745	  cells.	  	  
Furthermore,	  the	  sequence	  of	  the	  A+	  and	  A-­‐	  virus	  capsids	  showed	  the	  absence	  of	  the	  
known	  HS	  binding	  residues.	  	  Taken	  together,	  these	  observations	  suggest	  that	  A/Iran/87	  
A+	  and	  A-­‐	  viruses	  can	  use	  receptors	  that	  are	  neither	  integrin,	  HS,	  nor	  chondroitin-­‐
sulphate.	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Figure	  3.1.	  A	  comparison	  of	  the	  amino-­‐acid	  capsid	  sequences	  of	  three	  variants	  of	  A/Iran/87.	  Field-­‐isolate	  
(A/IRN/2/87_FI),	  vaccine-­‐strain	  (A/IRN/87_A+),	  and	  the	  VP1	  G-­‐H	  loop	  deleted	  variant	  (A/IRN/87_A-­‐).	  The	  residue	  
changes	  at	  VP2	  78-­‐80	  and	  130-­‐131	  are	  highlighted	  in	  red	  boxes	  and	  shown	  in	  larger	  font	  at	  the	  bottom.	  (A)	  VP2	  78-­‐80	  
mutated	  from	  LEK	  in	  the	  FI	  to	  SAR	  in	  the	  A+	  and	  A-­‐	  vaccine	  strains.	  (B)	  VP2	  131-­‐131	  mutated	  from	  KE	  in	  the	  FI	  to	  KK	  in	  
the	  A+	  strain,	  then	  to	  EK	  in	  the	  A-­‐	  strain.	  (C)	  The	  VP1	  G-­‐H	  loop	  first	  acquired	  mutations	  in	  the	  A+	  strain	  before	  
undergoing	  a	  13	  amino-­‐acid	  deletion	  in	  the	  A-­‐	  strain,	  including	  the	  integrin-­‐binding	  RGD.	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3.3	  Comparison	  of	  the	  capsid	  encoding	  regions	  from	  field-­‐isolate	  A/Iran/87	  and	  the	  cell	  
culture	  adapted	  A+	  and	  A-­‐	  variants	  
	  
Because	  A-­‐	  virus	  was	  still	  infectious,	  the	  capsid	  amino-­‐acid	  sequences	  of	  the	  original	  FI,	  
and	  the	  two	  vaccine	  strain	  viruses	  (A/Iran/87	  A+,	  and	  A/Iran/87	  A-­‐)	  were	  analysed	  further	  
to	  identify	  surface	  exposed	  residues	  that	  had	  changed	  during	  cell	  culture	  and	  had	  the	  
potential	  to	  compensate	  for	  the	  lack	  of	  the	  RGD	  	  in	  cell	  attachment.	  	  Numerous	  amino-­‐
acid	  changes	  were	  detected	  in	  the	  P1	  region	  and	  are	  shown	  in	  Figure	  3.1.	  	  Many	  of	  the	  
amino-­‐acid	  changes	  were	  either	  buried	  within	  individual	  capsid	  proteins,	  or	  located	  at	  the	  
pentamer-­‐pentamer	  interface	  and	  would	  not	  be	  expected	  to	  participate	  in	  cell	  
attachment.	  	  These	  were	  VP2	  T88A,	  S110T	  and	  A193S,	  and	  VP3	  H85P	  and	  	  E196A	  and	  are	  
shown	  mapped	  on	  to	  a	  three-­‐dimensional	  crystal	  structure	  of	  a	  related	  virus,	  FMDV	  
A1061	  (see	  Figure	  3.2).	  	  The	  remaining	  amino-­‐acid	  changes	  were	  surface	  exposed	  and	  
located	  structurally	  close	  to	  one-­‐another.	  	  One	  consisted	  of	  a	  tri-­‐peptide	  at	  VP2	  78-­‐80	  and	  
the	  other	  a	  di-­‐peptide	  at	  VP2	  130-­‐131.	  	  The	  residues	  at	  VP2	  78-­‐80	  had	  mutated	  from	  LEK	  
in	  the	  FI	  to	  SAR	  in	  the	  A+	  and	  A-­‐	  viruses.	  	  The	  second	  motif	  at	  VP2	  78-­‐80	  had	  mutated	  
from	  KE	  in	  the	  FI	  to	  KK	  in	  the	  A+	  virus	  and	  to	  EK	  in	  the	  A-­‐	  virus.	  	  These	  motifs	  are	  also	  
mapped	  on	  to	  a	  three-­‐dimensional	  crystal	  structure	  of	  FMDV	  A1061	  (see	  Figure	  3.3).	  	  A	  
SAR	  motif	  at	  VP2	  78-­‐80	  has	  not	  been	  observed	  in	  any	  other	  isolates	  of	  FMDV	  and	  is	  likely	  
to	  be	  unique	  to	  the	  A/Iran/87	  A+	  and	  A-­‐	  viruses	  (Nick	  Knowles,	  personal	  communication).	  	  	  
The	  P1	  sequence	  of	  each	  virus	  was	  also	  examined	  for	  the	  residues	  associated	  with	  cell-­‐
culture	  adaptation	  to	  heparan-­‐sulphate.	  	  However,	  as	  stated	  above	  the	  contact	  residues	  
associated	  with	  HS	  binding	  that	  were	  identified	  in	  A1061	  [32]	  were	  absent	  in	  the	  FI	  and	  
the	  A/Iran/87	  A+	  and	  A-­‐	  variants.	  	  
	  Figure	  3.2.	  (A)	  Lateral	  view	  of	  the	  crystallographic	  structure	  of	  a	  pentamer	  of	  FMDV	  A1061.	  (B)	  Front-­‐view	  from	  the	  
solvent-­‐accessible	  side.	  The	  non-­‐surface	  exposed	  residue	  changes	  in	  A/Iran/87	  A-­‐	  have	  been	  mapped	  on	  to	  this	  
structure	  and	  are	  highlighted	  in	  red.	  The	  residues	  are	  either	  at	  the	  pentamer-­‐pentamer	  interface	  or	  buried	  within	  the	  
structure.	  	  
Figure	  prepared	  using	  PDB	  file:	  1ZBE	  and	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.5.0.4	  Schrödinger,	  LLC.	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Figure	  3.3.	  (A)	  The	  crystallographic	  structure	  of	  a	  pentamer	  of	  FMDV	  A1061.	  The	  residues	  of	  A/Iran/87	  A-­‐	  VP2	  78-­‐80	  
and	  130-­‐131	  have	  been	  mapped	  on	  to	  this	  structure	  and	  are	  highlighted	  as	  follows:	  VP2	  78	  –	  red,	  79	  –	  orange,	  80	  –	  
yellow,	  130	  –	  magenta,	  and	  131	  –	  green.	  In	  A1061	  the	  residues	  at	  VP2	  78-­‐80	  are	  LTK	  and	  VP2	  130-­‐131	  are	  KA.	  Also	  
included	  is	  a	  lateral	  view	  of	  the	  pentamer	  (B).	  Amino-­‐acids	  at	  VP2	  78-­‐80	  and	  130-­‐131	  are	  surface	  exposed	  and	  
structurally	  close	  to	  one-­‐another.	  	  
Figure	  prepared	  using	  PDB	  file:	  1ZBE	  and	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.5.0.4	  Schrödinger,	  LLC.	  
	  
	  
3.4	  Concluding	  remarks	  
The	  above	  observations	  suggest	  that	  the	  residues	  of	  VP2	  78-­‐80	  and	  130-­‐131	  may	  play	  a	  
role	  in	  allowing	  infection	  of	  CHO	  cells	  by	  the	  A+	  and	  A-­‐	  viruses.	  	  In	  particular,	  the	  ability	  of	  
the	  A-­‐	  virus	  to	  infect	  cells	  despite	  lacking	  the	  G-­‐H	  loop	  suggests	  that	  the	  amino-­‐acids	  at	  
VP2	  78-­‐80	  and	  130-­‐131	  may	  be	  important	  for	  the	  infectivity	  of	  this	  virus,	  possibly	  by	  
acting	  as	  a	  novel	  cell-­‐attachment	  site.	  	  The	  surface	  exposed	  residues	  at	  VP2	  78-­‐80	  and	  
130-­‐131	  underwent	  mutation	  (in	  the	  A+	  virus)	  before	  the	  loss	  of	  the	  G-­‐H	  loop	  (in	  the	  A-­‐	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virus),	  and	  both	  the	  A+	  and	  the	  A-­‐	  viruses	  are	  capable	  of	  infecting	  integrin-­‐deficient	  and	  
HS-­‐deficient	  CHO	  cells.	  	  Thus	  there	  is	  compelling	  evidence	  that	  A/Iran/87	  acquired	  the	  
ability	  to	  infect	  an	  expanded	  tropism	  of	  cell	  types	  before	  it	  lost	  the	  G-­‐H	  loop.	  	  The	  A-­‐	  virus	  
has	  a	  cell	  tropism	  the	  same	  as	  the	  A+	  virus	  despite	  lacking	  a	  G-­‐H	  loop.	  	  This	  strongly	  
suggests	  that	  the	  A+	  and	  A-­‐	  viruses	  can	  use	  a	  cell	  attachment	  motif	  that	  is	  independent	  of	  
the	  VP1	  G-­‐H	  loop	  integrin	  binding	  site.	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Chapter	  Four:	  Construction	  and	  characterisation	  of	  an	  infectious	  clone	  	  	  	  	  	  	  	  
derived	  virus	  containing	  the	  capsid	  of	  A/Iran/87	  A-­‐	  
	  
4.1	  Introduction	  
In	  Chapter	  three	  analyses	  of	  the	  capsids	  of	  the	  A/Iran/87	  variants	  suggested	  that	  two	  
surface	  exposed	  motifs	  could	  be	  important	  for	  infectivity	  of	  the	  A-­‐,	  VP1	  G-­‐H	  loop	  deleted	  
virus.	  	  In	  order	  to	  investigate	  the	  cell	  tropism	  and	  entry	  mechanism	  of	  the	  A-­‐	  virus	  a	  
recombinant	  cDNA	  clone	  of	  FMDV	  was	  made	  using	  an	  approach	  known	  as	  “capsid-­‐
switching”.	  	  Recombinant	  viruses	  are	  useful	  tools	  to	  investigate	  FMDV	  tropism	  and	  entry	  
as	  they	  provide	  a	  cDNA	  template	  where	  codon	  alterations	  can	  be	  made	  using	  site-­‐
directed	  mutagenesis,	  allowing	  for	  the	  study	  of	  the	  effects	  of	  single	  amino-­‐acid	  changes.	  	  
The	  following	  chapter	  describes	  the	  manufacture	  and	  characterisation	  of	  a	  recombinant	  
virus	  that	  contains	  the	  capsid	  encoding	  region	  of	  A/Iran/87	  A-­‐	  with	  the	  non-­‐structural	  
proteins	  of	  O1	  Kaufbeuren	  (O1K).	  	  From	  this	  recombinant	  cDNA	  clone	  live	  virus	  was	  
successfully	  rescued.	  	  The	  recombinant	  virus	  was	  then	  characterised	  to	  determine	  
whether	  it	  retained	  the	  phenotype	  of	  the	  original	  capsid	  “donor”	  virus;	  A/Iran/87	  A-­‐.	  	  This	  
virus	  may	  be	  a	  useful	  tool	  in	  which	  to	  investigate	  the	  role	  of	  various	  surface	  exposed	  
capsid	  amino-­‐acids	  in	  the	  tropism	  and	  entry	  of	  FMDV	  A/Iran/87	  A-­‐.	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4.2	  Results	  
4.2.1	  Construction	  of	  a	  full-­‐length	  infectious	  cDNA	  clone	  containing	  the	  capsid	  encoding	  
region	  of	  A/Iran/87	  A-­‐	  
In	  order	  to	  investigate	  whether	  the	  residues	  at	  VP2	  78-­‐80	  and	  130-­‐131	  were	  important	  
for	  infectivity,	  a	  chimeric	  FMDV	  was	  generated	  from	  an	  existing	  plasmid	  containing	  a	  full-­‐
length	  cDNA	  copy	  of	  FMDV	  O1K	  	  (known	  as	  pT7S3	  [392],	  see	  methods	  2.8).	  	  Briefly,	  the	  
region	  encoding	  VP1,	  VP2	  and	  VP3	  of	  pT7S3	  was	  replaced	  by	  the	  corresponding	  region	  of	  
A/Iran/87	  A-­‐.	  	  The	  final	  construct	  (pO1K/A-­‐)	  was	  used	  to	  generate	  vRNA	  encoding	  the	  
capsid	  of	  A/Iran/87	  A-­‐	  combined	  with	  the	  non-­‐structural	  proteins	  and	  5’	  and	  3’	  UTR’s	  of	  
O1K.	  	  This	  technique	  known	  as	  “capsid	  switching”	  has	  been	  previously	  used	  to	  successfully	  
rescue	  virus	  from	  recombinant	  cDNA	  clones	  [361,	  392,	  470].	  The	  complete	  capsid	  
encoding	  region	  of	  pO1K/A-­‐	  (VP4,	  VP2,	  VP3	  and	  VP1)	  was	  sequenced	  and	  compared	  to	  
the	  capsid	  sequence	  of	  the	  A-­‐	  virus.	  	  There	  were	  two	  amino-­‐acid	  differences	  in	  VP4;	  
however	  this	  is	  because	  this	  section	  of	  the	  plasmid	  is	  derived	  from	  the	  O1K	  virus.	  	  These	  
differences	  were	  VP4	  N60T	  and	  VP4	  T77S.	  	  The	  residue	  changes	  are	  relatively	  conserved	  
and	  would	  not	  be	  expected	  to	  compromise	  VP4	  function.	  	  In	  VP3	  there	  were	  two	  amino	  
acid	  differences	  in	  the	  cloned	  capsid	  when	  compared	  to	  the	  consensus	  sequence	  of	  the	  A-­‐
virus	  (Figure	  4.1).	  	  These	  differences	  were	  VP3	  A136T	  and	  VP3	  F210L.	  	  The	  former	  is	  a	  
change	  of	  hydrophobic	  to	  polar	  uncharged	  and	  the	  latter	  is	  a	  fairly	  conserved	  change	  of	  
hydrophobic	  to	  hydrophobic	  amino	  acid.	  	  Mapping	  of	  these	  residues	  on	  to	  a	  related	  
strain,	  A1061,	  revealed	  that	  they	  were	  either	  at	  the	  pentamer-­‐pentamer	  interface	  or	  
buried	  within	  VP3	  and	  thus	  would	  not	  be	  expected	  to	  have	  a	  direct	  role	  in	  receptor	  
binding	  (Figure	  4.1).	  	  No	  other	  residue	  changes	  were	  observed	  in	  VP1	  or	  VP2.	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Plasmid	  DNA	  (pO1K/A-­‐)	  was	  linearised	  using	  HpaI	  and	  full	  length	  vRNA	  synthesized	  as	  
described	  in	  methods	  2.5	  and	  2.6.	  	  The	  RNA	  was	  transfected	  into	  BHK-­‐21	  cells	  by	  
electroporation.	  	  Control	  cells	  were	  mock	  transfected	  without	  RNA.	  	  Cytopathic	  effect	  
(CPE)	  was	  observed	  in	  the	  RNA	  transfected	  cells	  after	  overnight	  incubation.	  	  The	  cells	  
were	  freeze-­‐thawed,	  and	  clarified	  lysate	  was	  passaged	  on	  to	  a	  healthy	  monolayer	  of	  BHK-­‐
21	  cells	  where	  there	  was	  complete	  CPE	  after	  ten	  hours.	  	  To	  confirm	  the	  sequence	  of	  the	  
recovered	  virus	  and	  that	  no	  mutations	  arose	  during	  cell-­‐culture	  passage,	  vRNA	  was	  
extracted	  from	  lysates	  at	  BHK-­‐21	  passage	  2	  (BHKp2)	  and	  4	  (BHKp4)	  and	  reverse-­‐
transcribed	  to	  cDNA	  (see	  methods	  2.6.5).	  	  The	  capsid	  encoding	  region	  was	  amplified	  by	  
PCR,	  purified,	  then	  sequenced.	  	  A	  control	  sample	  that	  omitted	  reverse	  transcriptase	  from	  
the	  cDNA	  reaction	  did	  not	  give	  a	  PCR	  product.	  	  Comparison	  of	  the	  sequence	  of	  the	  
recovered	  virus	  with	  the	  infectious	  clone	  (pO1K/A-­‐)	  revealed	  no	  amino	  acid	  changes	  and	  
that	  the	  SAR	  and	  EK	  motifs	  in	  VP2	  had	  been	  retained.	  	  
	  
To	  test	  whether	  the	  chimeric	  O1K/A-­‐	  virus	  retained	  the	  phenotype	  of	  the	  original	  A-­‐	  virus	  
it	  was	  used	  to	  infect	  BHK-­‐21,	  CHO,	  and	  HS-­‐deficient	  CHO	  cells	  (CHO-­‐677).	  CHO-­‐Lec2	  cells	  
were	  included	  as	  they	  are	  deficient	  in	  sialic-­‐acid	  which	  is	  known	  to	  serve	  as	  a	  receptor	  to	  
many	  different	  viruses.	  Table	  4.1	  summarises	  the	  results.	  As	  expected	  the	  four	  different	  
variants	  of	  A/Iran/87	  (FI,	  A+	  and	  A-­‐	  viruses,	  and	  the	  virus	  derived	  from	  the	  pO1K/A-­‐	  clone)	  
infected	  BHK-­‐21	  cells	  (Table	  4.1).	  The	  A+	  virus	  grew	  to	  3	  x	  106	  which	  was	  almost	  a	  log	  
higher	  in	  titre	  than	  the	  original	  FI	  (2.9	  x	  105).	  The	  A-­‐	  virus	  (which	  would	  not	  be	  expected	  
to	  use	  integrins	  as	  a	  receptor)	  grew	  to	  more	  than	  a	  log	  higher	  than	  the	  A+	  or	  FI	  (3.5	  x	  107).	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Finally,	  the	  O1K/A-­‐	  virus	  had	  a	  slight	  reduced	  titre	  with	  respect	  to	  the	  original	  A-­‐	  virus	  and	  
grew	  to	  approximately	  one	  log	  lower	  titre	  (2.5	  x	  106).	  
	  
To	  determine	  whether	  the	  O1K/A-­‐	  virus	  retained	  the	  tropism	  of	  the	  parental	  A-­‐	  virus,	  CHO	  
and	  CHO-­‐677	  monolayers	  were	  infected	  with	  infectious	  cell	  lysate	  containing	  O1K/A-­‐	  virus	  
from	  BHK-­‐21	  passage	  4.	  	  CHO	  cells	  lack	  the	  known	  integrin	  receptors	  used	  by	  FMDV	  field	  
isolates	  and	  thus	  should	  not	  be	  infected	  by	  A/Iran/87	  FI:	  however,	  they	  do	  express	  
heparan-­‐sulphate	  which	  certain	  cell-­‐culture	  adapted	  strains	  of	  FMDV	  can	  utilise	  as	  a	  
receptor.	  	  The	  results	  in	  Table	  4.1	  show	  that	  CHO	  and	  HS-­‐deficient	  CHO	  cells	  (CHO-­‐677)	  
were	  not	  susceptible	  to	  infection	  by	  A/Iran/87	  FI	  but	  could	  be	  infected	  by	  the	  A+	  and	  A-­‐	  
viruses.	  	  Table	  4.1	  also	  shows	  that	  the	  virus	  derived	  from	  the	  pO1K/A-­‐	  clone	  could	  also	  
infect	  CHO	  and	  CHO-­‐677	  cells	  and	  that	  the	  titre	  obtained	  on	  CHO	  cells	  was	  similar	  to	  that	  
of	  the	  A+	  and	  A-­‐	  viruses.	  	  Interestingly,	  the	  A+,	  A-­‐,	  and	  O1K/A-­‐	  viruses	  could	  also	  infect	  
CHO-­‐Lec2	  cells	  indicating	  that	  sialic-­‐acid	  is	  unlikely	  to	  serve	  as	  a	  receptor	  for	  these	  
viruses.	  	  
	  
In	  order	  to	  analyse	  the	  growth	  kinetics	  of	  O1K/A-­‐,	  a	  growth	  curve	  assay	  was	  performed	  
using	  O1K/A-­‐	  comparing	  it	  with	  A/Iran/87	  A-­‐,	  and	  O1KB64	  (the	  virus	  derived	  from	  pT7S3).	  	  
The	  full	  methodology	  is	  described	  in	  methods	  2.7.2.	  	  Briefly,	  BHK-­‐21	  cells	  were	  infected	  
with	  one	  of	  each	  virus	  at	  a	  moi	  of	  approximately	  0.4,	  aliquots	  were	  taken	  at	  2	  hour	  
intervals	  and	  plaque	  assayed	  to	  quantify	  the	  titre.	  	  The	  results	  of	  this	  experiment	  are	  
shown	  in	  Figure	  4.2.	  	  Statistical	  analysis	  of	  the	  data	  using	  a	  two-­‐way	  ANOVA	  revealed	  that	  
from	  0-­‐6	  hours	  there	  was	  no	  significant	  difference	  in	  virus	  titre	  meaning	  that	  growth-­‐
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kinetics	  were	  initially	  similar.	  	  However	  at	  8	  hours	  the	  O1K/A-­‐	  titre	  was	  significantly	  
greater	  than	  the	  titre	  of	  A/Iran/87	  A-­‐	  or	  O1KB64.	  	  This	  suggests	  that	  when	  subjected	  to	  
the	  same	  growth	  conditions	  O1K/A-­‐	  is	  capable	  of	  out-­‐competing	  A/Iran/87	  A-­‐	  and	  O1KB64.	  	  
Furthermore,	  the	  plaques	  produced	  by	  O1KB64	  were	  small	  (1-­‐2mm),	  whereas	  those	  
produced	  by	  A/Iran/87	  A-­‐	  or	  O1K/A-­‐	  under	  similar	  conditions	  were	  larger	  (4-­‐5mm).	  	  This	  
suggests	  that	  although	  O1K/A-­‐	  has	  exactly	  the	  same	  non-­‐structural	  proteins	  as	  O1KB64,	  it	  
is	  the	  capsid	  protein	  (which	  it	  shares	  with	  A/Iran/87	  A-­‐)	  that	  defines	  the	  plaque	  
phenotype.	  	  Taken	  together,	  the	  chimeric	  virus	  O1K/A-­‐	  can	  out-­‐compete	  the	  two	  viruses	  
from	  which	  it	  was	  constructed	  from,	  however	  inherits	  the	  plaque	  phenotype	  from	  the	  
virus	  it	  derived	  its	  capsid	  from	  (A/Iran/87	  A-­‐).	  
	  
In	  summary,	  the	  O1K/A-­‐	  virus	  derived	  from	  pO1K/A-­‐	  retained	  the	  characteristics	  of	  the	  A-­‐	  
virus	  and	  could	  infect	  CHO	  and	  HS	  deficient	  CHO	  cells.	  	  This	  suggests	  that	  the	  chimeric	  
virus	  containing	  the	  capsid	  of	  A/Iran/87	  A-­‐	  within	  a	  backbone	  of	  O1K	  could	  be	  used	  to	  
investigate	  the	  role	  of	  capsid	  residues	  in	  determining	  the	  cell	  tropism	  and	  cell-­‐entry	  
mechanism	  of	  the	  A/Iran/87	  A-­‐	  virus.	  	  The	  above	  results	  also	  confirm	  that	  unlike	  the	  field	  
isolate	  the	  A+	  and	  A-­‐	  viruses	  are	  able	  to	  infect	  cells	  that	  are	  devoid	  of	  both	  the	  known	  
integrin	  receptors	  used	  by	  FMDV	  and	  HS.	  	  Interestingly,	  the	  A+,	  A-­‐	  and	  O1K/A-­‐	  viruses	  
were	  also	  able	  to	  infect	  cells	  devoid	  of	  sialic-­‐acid	  suggesting	  that	  sialic-­‐acid	  was	  not	  
required	  for	  infection	  by	  these	  viruses.	  	  Taken	  together,	  the	  data	  suggests	  that	  the	  A+,	  A-­‐,	  
and	  O1K/A-­‐	  viruses	  all	  share	  a	  common	  capsid	  feature	  that	  expand	  cell	  	  tropism.	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Figure	  4.1.	  Crystallographic	  structure	  of	  a	  FMDV	  A1061	  pentamer.	  Residues	  at	  VP2	  136	  and	  210	  have	  been	  highlighted	  
in	  red.	  Residue	  136	  lies	  at	  the	  pentamer	  interface	  whereas	  residue	  210	  is	  buried	  deep	  within	  VP3.	  Both	  residues	  
would	  not	  be	  solvent	  exposed	  in	  the	  fully-­‐assembled	  capsid	  and	  would	  thus	  play	  no	  role	  in	  receptor-­‐binding.	  
Figure	  prepared	  using	  PDB	  file:	  1ZBE	  and	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.5.0.4	  Schrödinger,	  LLC.	  
	  
	  
Virus	  
Titre	  
BHK21	   CHO	   CHO-­‐677	  
CHO-­‐
Lec2	  
A/Iran/87	  FI	   2.9x105	   -­‐	   -­‐	   -­‐	  
A/Iran/87	  A+	   3x106	   2x105	   4.5x105	   +	  
A/Iran/87	  A-­‐	   3.5x107	   2.35x105	   +	   +	  
O1K/A-­‐	   2.5x106	   1.65x105	   +	   +	  
	  
Table	  4.1.	  The	  titres	  of	  four	  variants	  of	  A/Iran/87	  as	  determined	  by	  plaque	  assay.	  (-­‐)	  No	  plaques/cytopathic	  effect	  
(CPE)	  seen.	  (+)	  CPE	  was	  observed	  but	  titre	  not-­‐determined.	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Figure	  4.2.	  	  Growth	  curves	  of	  FMDV	  O1K/A-­‐,	  A/Iran/87	  A-­‐	  and	  O1KB64	  with	  measured	  time	  points	  at	  0,	  2,	  4,	  6,	  8,	  and	  
10	  hours	  post	  infection.	  	  Analysis	  using	  a	  two-­‐way	  ANOVA	  revealed	  that	  between	  0-­‐6	  hours	  post-­‐infection	  there	  was	  
no	  significant	  difference	  between	  the	  three	  different	  viral	  titres.	  	  However	  at	  8	  and	  10	  hours	  post-­‐infection	  the	  titre	  
of	  O1K/A-­‐	  was	  significantly	  greater	  than	  the	  titres	  of	  A/Iran/87	  A-­‐	  and	  O1KB64.	  	  Infections	  with	  each	  virus	  were	  
performed	  in	  triplicate.	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4.3	  Discussion	  
The	  data	  in	  this	  chapter	  describes	  the	  manufacture	  of	  a	  cDNA	  clone	  containing	  a	  full	  
length	  FMDV	  genome	  with	  the	  structural	  proteins	  of	  A/Iran/87	  A-­‐	  and	  the	  non-­‐structural	  
proteins	  of	  O1K.	  	  When	  RNA	  transcribed	  from	  this	  cDNA	  clone	  was	  transfected	  in	  to	  cells	  
infectious	  virus	  was	  successfully	  rescued.	  The	  original	  vaccine	  strain	  (A-­‐)	  and	  the	  
recombinant	  virus	  (O1K/A-­‐)	  shared	  the	  same	  characteristics	  and	  were	  able	  to	  infect	  the	  
same	  cell	  types,	  including	  integrin-­‐deficient	  CHO	  cells	  and	  integrin	  and	  HS-­‐deficient	  CHO-­‐
677	  cells.	  This	  confirmed	  that	  when	  a	  capsid	  from	  one	  virus	  is	  transferred	  to	  another	  by	  
“capsid-­‐switching”	  the	  recombinant	  virus	  will	  retain	  the	  phenotype	  and	  tropism	  of	  the	  
“donor”	  virus.	  	  It	  also	  confirmed	  that	  the	  capsid	  is	  responsible	  for	  the	  expanded	  tropism	  	  
as	  both	  A/Iran87/	  A-­‐	  and	  O1K/A-­‐	  grew	  equally	  well	  on	  BHK-­‐21,	  CHO	  and	  CHO-­‐677	  cells	  
despite	  having	  the	  same	  capsid	  but	  different	  non-­‐structural	  proteins.	  	  When	  the	  growth	  
kinetics	  of	  O1K/A-­‐	  were	  investigated,	  although	  the	  early	  stages	  of	  infection	  were	  similar	  it	  
was	  found	  to	  out-­‐compete	  the	  two	  viruses	  from	  which	  it	  was	  derived	  (A/Iran/87	  A-­‐	  and	  
O1KB64).	  	  Additionally,	  it	  retained	  the	  plaque	  phenotype	  of	  A/Iran/87	  A-­‐,	  the	  virus	  it	  
derived	  its	  capsid	  from.	  	  Thus,	  virus	  derived	  from	  the	  pO1K/A-­‐	  plasmid	  is	  viable,	  retains	  
the	  phenotype	  of	  A/Iran/87	  A-­‐,	  and	  is	  therefore	  a	  useful	  tool	  in	  which	  to	  study	  the	  cell	  
tropism	  and	  entry	  mechanisms	  of	  this	  virus.	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Chapter	  Five:	  Investigating	  the	  SAR	  and	  EK	  motifs	  
5.1	  Introduction	  
Chapters	  3	  and	  4	  described	  the	  characterisation	  of	  a	  vaccine	  strain	  of	  A/Iran/87	  (A-­‐)	  that	  
had	  partially	  lost	  its	  G-­‐H	  loop	  (and	  thus	  its	  integrin-­‐binding	  RGD	  motif),	  yet	  remained	  
infectious	  and	  had	  an	  expanded	  tropism	  for	  integrin	  deficient	  CHO	  cells	  and	  integrin-­‐	  and	  
HS-­‐deficient	  CHO-­‐677	  cells	  (as	  seen	  in	  the	  A+	  virus).	  	  A	  chimeric	  cDNA	  clone	  (pO1K/A-­‐)	  was	  
made	  based	  on	  this	  virus	  that	  contained	  the	  VP2-­‐2A	  capsid	  encoding	  region	  from	  
A/Iran/87	  A-­‐	  in	  the	  genetic	  backbone	  of	  O1K	  (pT7S3)	  by	  capsid-­‐switching.	  	  Infectious	  virus	  
was	  successfully	  recovered	  from	  this	  clone	  and	  the	  virus	  was	  found	  to	  retain	  the	  tropism	  
of	  the	  original	  parent	  strain	  (A/Iran/87	  A-­‐).	  	  Virus	  derived	  from	  pO1K/A-­‐	  was	  even	  capable	  
of	  out-­‐competing	  A/Iran87	  A-­‐	  and	  O1KB64	  in	  a	  growth	  curve	  assay.	  	  The	  reason	  for	  the	  
expanded	  cell	  tropism	  of	  the	  A-­‐	  virus	  despite	  it	  lacking	  the	  VP1	  G-­‐H	  loop	  and	  HS-­‐binding	  
residues	  is	  unknown,	  therefore	  the	  purpose	  of	  the	  work	  described	  in	  this	  chapter	  was	  to	  
identify	  exposed	  capsid	  motifs	  that	  could	  potentially	  play	  a	  role	  in	  cell-­‐binding	  and	  thus	  
increased	  cell	  tropism.	  	  	  
	  
Sequencing	  and	  structural	  analysis	  performed	  in	  Chapter	  3	  identified	  two	  surface	  exposed	  
motifs	  on	  VP2	  of	  the	  A-­‐	  virus	  that	  may	  be	  involved	  in	  cell-­‐attachment.	  	  The	  first	  was	  a	  tri-­‐
peptide	  located	  on	  VP2	  78-­‐80	  which	  was	  LEK	  in	  the	  FI	  and	  mutated	  to	  SAR	  in	  the	  A+	  and	  
A-­‐	  viruses.	  	  The	  second	  was	  a	  KE	  di-­‐peptide	  at	  VP2	  130-­‐131	  which	  mutated	  to	  KK	  in	  the	  A+	  
virus	  and	  then	  to	  EK	  in	  the	  A-­‐	  virus.	  	  Because	  these	  motifs	  had	  undergone	  mutation,	  were	  
surface	  exposed,	  positively	  charged,	  and	  located	  close	  to	  one-­‐another,	  it	  was	  postulated	  
they	  may	  have	  a	  role	  in	  non-­‐integrin/non-­‐HS	  cell-­‐attachment.	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Here,	  site-­‐directed	  mutagenesis	  using	  the	  pO1K/A-­‐	  plasmid	  was	  employed	  to	  examine	  the	  
role	  of	  these	  residues	  in	  infectivity	  of	  O1K/A-­‐.	  	  The	  mutagenesis	  procedure	  followed	  a	  
strategy	  where	  residues	  thought	  to	  be	  involved	  with	  cell-­‐attachment	  were	  changed	  
sequentially.	  	  Synthetic	  viral	  RNA	  transcripts	  were	  then	  made	  from	  mutant	  cDNA	  clones	  
and	  virus	  rescue	  performed	  via	  transfection	  into	  BHK-­‐21	  cells.	  	  The	  results	  of	  this	  Chapter	  
provide	  a	  valuable	  insight	  into	  the	  mechanisms	  of	  FMDV	  cell-­‐culture	  adaptation	  and	  the	  
ability	  of	  FMDV	  to	  evolve	  to	  use	  novel	  cell-­‐attachment	  motifs	  on	  its	  capsid	  surface.	  
	  
5.2	  Results	  
5.2.1	  Investigating	  the	  VP2	  78-­‐80	  SAR	  motif	  
The	  residues	  at	  VP2	  78-­‐80	  underwent	  a	  triple	  mutation	  (LEK	  to	  SAR)	  during	  cell	  culture	  
adaptation	  of	  A/Iran/87,	  and	  it	  is	  believed	  this	  occurred	  before	  the	  loss	  of	  the	  VP1	  G-­‐H	  
loop.	  	  This	  tri-­‐peptide	  motif	  is	  a	  prime	  candidate	  for	  initial	  investigations	  to	  identify	  capsid	  
motifs	  in	  the	  A-­‐	  virus	  that	  could	  compensate	  for	  the	  expected	  loss	  of	  infectivity	  that	  
would	  normally	  be	  associated	  with	  the	  loss	  of	  the	  VP1	  integrin-­‐binding	  loop.	  Using	  site-­‐
directed	  mutagenesis	  and	  pO1K/A-­‐	  as	  the	  template	  several	  mutations	  were	  made	  within	  
VP2	  78-­‐80.	  	  	  In	  the	  first	  set	  of	  three,	  the	  SAR	  was	  replaced	  by	  SAA,	  AAA,	  or	  AAR	  (where	  S	  =	  
serine,	  A	  =	  alanine,	  R	  =	  arginine).	  	  Sequencing	  of	  the	  capsid	  encoding	  region	  was	  used	  to	  
confirm	  the	  presence	  of	  the	  changes	  and	  that	  no	  other	  unintended	  mutations	  had	  been	  
introduced	  into	  the	  capsid.	  	  The	  nucleotide	  and	  amino-­‐acid	  sequences	  of	  the	  mutated	  
SAR	  region	  are	  shown	  for	  each	  mutation	  in	  Table	  5.1.	  	  Chromatograph	  traces	  for	  each	  of	  
the	  mutants	  covering	  the	  VP2	  78-­‐80	  region	  are	  shown	  in	  Figure	  5.1	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.	  	  Synthetic	  RNA	  was	  synthesised	  using	  the	  mutated	  cDNAs	  as	  the	  template	  (and	  wt	  
pO1K/A-­‐	  as	  a	  positive	  control)	  and	  transfected	  via	  electroporation	  in	  to	  BHK-­‐21	  cells.	  The	  
next	  day	  all	  of	  the	  transfected	  cells	  (i.e.	  for	  all	  of	  the	  mutations	  SAA,	  AAA	  and	  AAR)	  
showed	  signs	  of	  CPE	  when	  compared	  to	  the	  no-­‐RNA	  control,	  suggesting	  that	  the	  
transfected	  viral	  RNAs	  (vRNAs)	  were	  replication	  competent	  and	  had	  caused	  cell	  death.	  	  
However,	  it	  is	  difficult	  to	  accurately	  determine	  CPE	  in	  cells	  after	  electroporation	  because	  
the	  damage	  caused	  by	  the	  high	  voltage	  can	  cause	  a	  certain	  amount	  of	  cell	  death	  with	  an	  
appearance	  that	  mimics	  CPE	  caused	  by	  FMDV.	  	  Nonetheless,	  the	  no-­‐RNA	  control	  cells	  
showed	  extensive	  signs	  of	  cell	  viability	  (i.e.	  healthy	  cells)	  whereas	  the	  vRNA	  transfected	  
cells	  had	  only	  patchy	  areas	  of	  apparently	  healthy	  cells.	  	  At	  24	  h	  post-­‐transfection	  the	  cells	  
were	  frozen	  at	  -­‐80oC	  overnight	  and	  clarified	  lysates	  prepared	  after	  thawing.	  	  When	  
transfected	  cell	  lysates	  were	  passaged	  in	  BHK-­‐21	  cells	  (BHKp1),	  CPE	  was	  only	  seen	  for	  
viruses	  which	  had	  arginine	  at	  VP2	  80,	  i.e.	  the	  SAR	  (wild-­‐type)	  or	  the	  AAR	  mutant.	  	  Cell	  
lysates	  were	  prepared	  for	  the	  SAR	  (wt)	  and	  AAR	  viruses	  (as	  above)	  and	  passaged	  on	  three	  
more	  times	  in	  BHK-­‐21	  cells	  (to	  BHKp4)	  with	  clear	  signs	  of	  CPE.	  	  Despite	  a	  lack	  of	  CPE	  at	  
BHKp1,	  cell	  lysates	  for	  the	  SAA	  and	  AAA	  transfected	  cells	  were	  also	  prepared	  and	  blind	  
passaged	  four	  times	  using	  BHK-­‐21	  cells	  however	  no	  CPE	  was	  observed.	  	  To	  investigate	  if	  
any	  amino	  acid	  changes	  had	  occurred	  within	  the	  capsid	  of	  the	  AAR	  virus,	  the	  capsid	  
encoding	  regions	  of	  BHK-­‐21	  passages	  2	  and	  4	  were	  sequenced.	  	  To	  do	  this,	  vRNA	  was	  
extracted	  from	  cell-­‐lysate	  then	  reverse-­‐transcribed	  to	  anti-­‐sense	  cDNA	  (see	  methods	  
2.6.1).	  	  From	  this	  anti-­‐sense	  cDNA	  the	  capsid	  encoding	  region	  was	  amplified	  by	  PCR	  (see	  
methods	  2.5.3).	  	  An	  additional	  control	  was	  included	  that	  had	  undergone	  the	  same	  
procedure	  however	  the	  reverse	  transcriptase	  enzyme	  was	  excluded.	  	  This	  control	  was	  
136	  	  	  	  
negative	  for	  the	  PCR	  and	  shows	  that	  the	  PCR	  products	  derive	  from	  vRNA	  and	  not	  from	  
“carry-­‐over”	  of	  the	  original	  template	  cDNA	  used	  to	  make	  vRNA.	  	  PCR	  products	  were	  then	  
sequenced	  according	  to	  methods	  2.5.12.	  	  The	  sequencing	  showed	  that	  the	  AAR	  motif	  was	  
retained	  (at	  BHKp2	  and	  p4)	  and	  that	  there	  were	  no	  other	  changes	  within	  the	  capsid	  
encoding	  region	  (see	  Figure	  5.2).	  	  
	  
The	  above	  transfections	  (and	  virus	  passage)	  were	  repeated	  three	  times	  for	  each	  mutant	  
(SAA,	  AAA	  and	  AAR),	  each	  using	  newly	  synthesized	  RNA.	  	  The	  AAR	  mutants	  were	  passaged	  
four	  times	  in	  BHK-­‐21	  cells	  and	  at	  the	  fourth	  passage	  on	  no	  occasion	  were	  there	  any	  amino	  
acid	  changes	  seen	  in	  the	  capsid	  encoding	  region	  other	  than	  the	  introduced	  AAR.	  	  On	  all	  
three	  occasions	  infectious	  virus	  could	  not	  be	  recovered	  from	  the	  mutants	  that	  had	  SAA	  or	  
AAA,	  but	  could	  be	  recovered	  from	  the	  AAR	  variant.	  	  This	  data	  strongly	  suggests	  that	  
arginine	  of	  VP2	  80	  is	  a	  critical	  residue	  for	  A/Iran/87	  A-­‐	  to	  remain	  infectious.	  	  The	  data	  also	  
suggests	  that	  there	  is	  flexibility	  at	  VP2	  78	  regarding	  what	  residue	  is	  present	  as	  infectious	  
virus	  was	  recovered	  if	  VP2	  78	  is	  serine	  or	  alanine	  so	  long	  as	  VP2	  80	  is	  an	  arginine.	  
The	  data	  shown	  in	  Table	  5.1	  confirms	  that	  the	  AAR	  variant	  can	  infect	  BHK-­‐21	  cells.	  	  To	  
examine	  whether	  changing	  the	  SAR	  motif	  to	  AAR	  affected	  the	  tropism	  for	  cultured	  cells,	  
cell	  lysate	  derived	  from	  the	  AAR	  variant	  at	  cell	  culture	  passage	  4	  was	  used	  to	  infect	  BHK-­‐
21,	  CHO,	  and	  CHO-­‐677	  cells.	  	  Cell	  monolayers	  were	  infected	  with	  lysate	  derived	  from	  
O1K/A-­‐_AAR	  BHK-­‐21	  passage	  four	  in	  a	  plaque	  assay	  (with	  the	  exception	  of	  CHO-­‐677	  
where	  monolayers	  were	  infected	  with	  infectious	  lysate	  but	  the	  titre	  was	  not	  
determined)(see	  methods	  2.2.3).	  Plaques	  were	  visible	  on	  all	  BHK-­‐21	  and	  CHO,	  and	  CPE	  
was	  visible	  on	  CHO-­‐677	  which	  showed	  that	  the	  AAR	  variant	  retained	  the	  tropism	  of	  the	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original	  parent	  cloned	  virus	  (O1K/A-­‐)	  and	  infected	  BHK-­‐21,	  CHO	  and	  CHO-­‐677	  cells	  (Table	  
5.2).	  	  The	  data	  suggests	  that	  parental	  O1K/A-­‐	  virus	  grows	  to	  a	  higher	  titre	  in	  BHK-­‐21	  cells	  
than	  the	  AAR	  variant.	  	  As	  these	  viruses	  have	  a	  similar	  passage	  history	  (BHKp4)	  this	  
suggests	  that	  serine	  at	  VP2	  78	  may	  play	  a	  role	  in	  infectivity	  of	  A/Iran/87	  A-­‐	  and	  confer	  a	  
fitness	  benefit	  to	  the	  virus.	  	  The	  titre	  of	  the	  AAR	  (5	  x	  104)	  on	  CHO	  cells	  was	  also	  less	  to	  
that	  of	  the	  parental	  O1K/A-­‐	  virus,	  supporting	  the	  apparent	  fitness	  advantage	  of	  the	  SAR	  
virus	  over	  the	  AAR	  virus.	  	  Finally,	  to	  investigate	  whether	  the	  AAR	  virus	  could	  also	  infect	  HS	  
deficient	  cells	  it	  was	  assayed	  on	  CHO-­‐677	  cells	  however	  the	  titre	  was	  not	  determined.	  	  
The	  AAR	  virus	  produced	  CPE	  in	  CHO-­‐677	  suggesting	  that	  despite	  lacking	  a	  serine	  at	  VP2	  78	  
it	  does	  not	  lose	  its	  ability	  to	  infect	  cells	  that	  lack	  HS.	  	  To	  summarise,	  the	  above	  results	  
suggest	  that	  arginine	  of	  VP2	  80	  is	  a	  critical	  residue	  for	  the	  ability	  of	  O1K/A-­‐	  to	  remain	  
infectious	  and	  that	  although	  the	  serine	  of	  the	  SAR	  may	  not	  play	  a	  crucial	  role	  with	  regards	  
to	  infectivity	  of	  A/Iran/87	  A-­‐,	  its	  presence	  may	  enable	  viruses	  to	  grow	  to	  a	  higher	  titre	  in	  
cell	  culture.	  	  
	  
The	  above	  results	  show	  that	  arginine	  at	  VP2	  80	  appears	  to	  be	  an	  important	  residue	  for	  
infectivity	  of	  the	  O1K/A-­‐	  virus	  because	  mutation	  to	  alanine	  abrogated	  infection.	  	  This	  
prompted	  the	  question	  would	  the	  O1K/A-­‐	  virus	  still	  be	  infectious	  if	  the	  SAR	  was	  returned	  
to	  LEK	  (as	  in	  the	  field-­‐isolate)?	  	  	  This	  change	  would	  retain	  a	  positively	  charged	  residue	  at	  
VP2	  80	  and	  confirm	  the	  important	  arginine	  at	  VP2	  80.	  	  	  To	  address	  this,	  two	  further	  
constructs	  were	  made	  that	  contained	  either	  LEK	  or	  LER	  in	  place	  of	  the	  SAR	  at	  VP2	  78-­‐80.	  	  
Synthetic	  RNA	  was	  produced	  from	  pO1K/A-­‐	  that	  contained	  LEK	  (pO1K/A-­‐_LEK)	  or	  LER	  
(pO1K/A-­‐_LER)	  and	  transfected	  in	  to	  BHK-­‐21	  cells.	  	  Synthetic	  RNA	  produced	  from	  wt	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pO1K/A-­‐	  was	  also	  transfected	  as	  a	  positive	  control.	  	  	  At	  24	  hours	  post	  transfection	  the	  cells	  
were	  frozen	  at	  -­‐80°C	  overnight	  and	  the	  resulting	  lysate	  passaged	  on	  to	  monolayers	  of	  
BHK-­‐21	  cells.	  	  For	  the	  LEK	  mutant	  limited	  signs	  of	  CPE	  appeared	  at	  BHK-­‐21	  passage	  one	  as	  
small	  patches	  of	  the	  monolayer	  began	  rounding	  up	  and	  detached	  from	  the	  flask.	  	  	  At	  
passage	  two,	  complete	  CPE	  was	  observed	  after	  over-­‐night	  incubation.	  	  In	  contrast,	  the	  
LER	  mutant	  did	  not	  produce	  signs	  of	  CPE	  until	  passage	  three	  (BHKp3)	  and	  by	  passage	  four	  
extensive	  CPE	  was	  observed.	  	  Viral	  RNA	  was	  extracted	  from	  the	  virus	  derived	  from	  the	  
pO1K/A-­‐_LEK	  and	  pO1K/A-­‐_LER	  plasmids	  at	  BHK-­‐21	  passage	  two	  and	  four	  respectively,	  
converted	  to	  anti-­‐sense	  cDNA	  which	  was	  subsequently	  used	  as	  a	  template	  to	  PCR	  the	  
capsid	  encoding	  region.	  	  The	  capsid	  regions	  of	  the	  rescued	  LEK	  (BHKp2)	  and	  LER	  (BHKp4)	  
viruses	  were	  then	  sequenced.	  	  This	  showed	  that	  the	  mutant	  with	  LEK	  had	  acquired	  an	  
amino-­‐acid	  substitution	  at	  VP2	  79	  to	  create	  LKK	  in	  place	  of	  LEK.	  	  The	  mutant	  that	  
contained	  LER	  had	  also	  mutated	  to	  LKR	  (Table	  5.3).	  	  The	  transfection	  protocol	  for	  the	  LEK	  
mutant	  was	  performed	  only	  once	  while	  transfection	  for	  the	  LER	  mutant	  was	  repeated.	  	  
Subsequent	  sequencing	  of	  the	  second	  LER	  mutants	  at	  BHK-­‐21	  passage	  four	  revealed	  that	  
the	  LER	  had	  mutated	  to	  LKR	  (Figure	  5.3).	  	  No	  other	  residue	  changes	  in	  the	  capsids	  of	  any	  
of	  the	  above	  mutant	  viruses	  occurred	  during	  cell	  passage.	  	  These	  results	  suggest	  that	  
there	  is	  some	  flexibility	  at	  VP2	  80	  as	  either	  arginine	  or	  lysine	  at	  this	  site	  allows	  for	  
recovery	  of	  infectious	  virus	  suggesting	  that	  the	  presence	  of	  a	  positively	  charged	  residue	  at	  
VP2	  80	  is	  important.	  	  In	  addition,	  the	  above	  results	  show	  that	  having	  a	  negatively	  charged	  
residue,	  such	  as	  glutamic-­‐acid	  at	  VP2	  79,	  appears	  to	  disadvantage	  the	  virus	  as	  during	  cell	  
passage	  of	  the	  mutant	  viruses	  it	  was	  replaced	  by	  lysine.	  	  Taken	  together,	  these	  results	  
suggest	  that	  a	  positively	  charged	  residue	  at	  VP2	  80	  is	  critical	  for	  infectivity	  and	  that	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infection	  is	  enhanced	  when	  a	  negatively	  charged	  residue	  is	  absent	  at	  VP2	  79.	  
	  
	  
	  
Virus	   VP2	  78-­‐80	   Recovery	  on	  BHK-­‐21	  
O1K/A-­‐	  
SAR	  
+	  
tcg-­‐gca-­‐agg	  
O1K/A-­‐_SAA	  
SAA	  
-­‐	  
tca-­‐gca-­‐gcg	  
O1K/A-­‐_AAA	  
AAA	  
-­‐	  
gca-­‐gca-­‐gcg	  
O1K/A-­‐_AAR	  
AAR	  
+	  
gca-­‐gca-­‐aga	  
	  
Table	  5.1.	  The	  mutations	  made	  at	  VP2	  78-­‐80	  in	  the	  pO1K/A-­‐	  FMDV	  infectious	  clone.	  Amino-­‐acids	  are	  shown	  in	  
capitals,	  corresponding	  nt	  codons	  are	  shown	  in	  lower	  case	  below	  the	  amino-­‐acid	  sequences.	  Mutations	  are	  shown	  in	  
bold.	  Synthetic	  RNA	  was	  made	  from	  full	  length	  cDNA	  transcripts	  containing	  these	  mutations	  then	  electroporated	  in	  
to	  BHK-­‐21	  cells.	  The	  subsequent	  lysate	  was	  passaged	  on	  BHK-­‐21	  cells.	  Virus	  viability	  was	  determined	  by	  observation	  
of	  cytopathic	  effect	  (CPE).	  (+)	  =	  CPE	  seen.	  (-­‐)	  =	  CPE	  not	  seen.	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Figure	  5.1.	  Chromatograph	  traces	  showing	  the	  nt	  sequences	  for	  the	  VP2	  78-­‐80	  region	  (highlighted	  in	  the	  red	  box)	  
from	  three	  different	  cDNA	  mutants	  of	  O1K/A-­‐	  (O1K/A-­‐	  _SAA,	  O1K/A-­‐	  _AAA	  and	  O1K/A-­‐	  _AAR).	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Figure	  5.2.	  (A)	  Section	  showing	  alignment	  of	  VP2	  residues	  78-­‐80	  (highlighted	  in	  the	  red	  box)	  between	  O1K/A-­‐	  virus	  
and	  O1K/A-­‐_AAR	  sequenced	  from	  RNA	  extracted	  from	  BHK-­‐21	  passage	  4.	  (B)	  The	  chromatograph	  trace	  from	  the	  
corresponding	  O1K/A-­‐_AAR	  sequence.	  	  
	  
	  
	  
Virus	  
Titre	  
BHK-­‐21	   CHO	   CHO-­‐677	  
O1K/A-­‐	   2.5x106	   1.65x105	   +	  
O1K/A-­‐_AAR	   8.5x104	   5x104	   +	  
	  
Table	  5.2.	  Titre	  of	  O1K/A-­‐	  and	  O1K/A-­‐_AAR	  (VP2	  78-­‐80	  AAR)	  on	  a	  BHK-­‐21,	  CHO	  and	  CHO-­‐677	  cells.	  Titre	  was	  
determined	  by	  plaque	  assay	  for	  BHK-­‐21	  and	  CHO	  cells,	  but	  not	  CHO-­‐677.	  (+)	  =	  CPE	  seen	  but	  titre	  not	  determined.	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Virus	   VP2	  78-­‐80	  Input	   VP2	  78-­‐80	  Recovered	  
Recovery	  
on	  BHK-­‐
21	  
O1K/A-­‐_LEK	  
LEK	   LKK	  
+	  
ctg-­‐gaa-­‐aaa	   ctg-­‐aaa-­‐aaa	  
O1K/A-­‐_LER	  
LER	   LKR	  
+	  
ctg-­‐gaa-­‐agg	   ctg-­‐aaa-­‐agg	  
	  
Table	  5.3.	  The	  mutations	  made	  to	  VP2	  78-­‐80	  in	  the	  pO1K/A-­‐	  FMDV	  infectious	  clone.	  Amino-­‐acids	  are	  shown	  in	  
capitals;	  corresponding	  codons	  are	  shown	  in	  lower	  case	  below	  the	  amino-­‐acid	  sequences.	  Mutations	  are	  shown	  in	  
bold.	  Synthetic	  vRNA	  was	  made	  from	  full	  length	  cDNA	  transcripts	  containing	  these	  mutations	  then	  electroporated	  in	  
to	  BHK-­‐21	  cells.	  The	  subsequent	  lysate	  was	  passaged	  on	  BHK-­‐21	  cells.	  Virus	  viability	  was	  determined	  by	  observation	  
of	  cytopathic	  effect	  (CPE)	  (+).	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Figure	  5.3.	  Sections	  of	  the	  sequence	  of	  VP2	  78-­‐80	  and	  their	  corresponding	  chromatographs	  (highlighted	  in	  red	  boxes)	  
of	  viral	  RNA	  extracted	  from	  infected	  BHK-­‐21	  cells.(A)	  O1K/A-­‐	  LEK	  BHKp2,	  and	  (B)	  O1K/A-­‐	  LER	  BHKp4.	  The	  LEK	  p2	  and	  
LER	  p4	  sequences	  are	  aligned	  with	  the	  parental	  O1K/A-­‐	  sequence	  and	  the	  mutated	  plasmids	  used	  to	  make	  vRNA.	  
	  
	  
	  
144	  	  	  	  
5.2.2	  Investigating	  the	  EK	  motif	  	  
The	  above	  results	  confirm	  that	  SAR	  at	  VP2	  78-­‐80	  is	  important	  for	  infection	  by	  A/Iran/87	  
A-­‐;	  however	  the	  capsid	  sequence	  analyses	  of	  Chapter	  3	  indicated	  that	  the	  KE	  to	  EK	  
changes	  at	  VP2	  130-­‐131	  may	  also	  contribute	  to	  the	  increased	  cell	  tropism	  of	  the	  A-­‐	  virus.	  	  
In	  order	  to	  investigate	  if	  these	  residues	  were	  important	  for	  infectivity	  in	  the	  A-­‐	  virus	  
mutations	  were	  made	  in	  the	  pO1K/A-­‐	  clone	  creating	  a	  virus	  that	  had	  AA	  in	  place	  of	  EK	  at	  
VP2	  130-­‐131	  (pO1K/A-­‐_AA).	  Synthetic	  RNA	  was	  made	  from	  this	  construct	  and	  transfected	  
in	  to	  BHK-­‐21	  cells.	  	  After	  overnight	  incubation	  at	  37°C	  the	  transfected	  cells	  showed	  signs	  
of	  CPE	  suggesting	  that	  the	  input	  vRNA	  is	  replication	  competent.	  	  The	  resulting	  cell	  lysate	  
was	  freeze-­‐thawed	  and	  passaged	  four	  times	  in	  BHK-­‐21	  cells	  with	  no	  signs	  of	  CPE	  (Table	  
5.4).	  	  Transfection	  was	  repeated	  twice	  using	  separately	  synthesized	  batches	  of	  vRNA	  
without	  signs	  of	  CPE.	  This	  strongly	  suggests	  that	  the	  EK	  motif	  is	  important	  for	  infectivity	  
of	  O1K/A-­‐.	  	  
	  
To	  further	  investigate	  the	  role	  of	  the	  EK	  motif	  in	  infection	  additional	  mutations	  were	  
made.	  	  During	  cell	  culture,	  the	  residues	  at	  VP1	  130-­‐131	  changed	  from	  KE	  in	  the	  FI	  to	  KK	  in	  
the	  vaccine	  virus	  (A+)	  and	  then	  to	  EK	  in	  the	  A-­‐	  virus.	  	  This	  raised	  the	  question	  whether	  the	  
lysine	  at	  131	  alone	  or	  the	  swap	  in	  charge	  (lysine	  [K]	  to	  glutamic-­‐acid	  [E]	  at	  130	  and	  
glutamic-­‐acid	  [E]	  to	  lysine	  [K]	  at	  131)	  was	  required	  for	  infectivity.	  	  To	  determine	  this,	  a	  
mutant	  O1K/A-­‐	  virus	  was	  made	  that	  had	  KE	  in	  place	  of	  EK	  at	  VP2	  130-­‐131,	  thereby	  
reverting	  this	  motif	  to	  that	  seen	  in	  the	  FI.	  	  Synthetic	  vRNA	  was	  made	  and	  transfected	  in	  to	  
BHK-­‐21	  cells	  and	  the	  resulting	  lysate	  was	  passaged	  in	  BHK-­‐21	  cells.	  	  CPE	  was	  observed	  in	  
the	  third	  passage	  in	  BHK-­‐21	  cells	  (BHKp3)	  indicating	  infectious	  virus	  was	  present.	  	  Viral	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RNA	  was	  extracted	  from	  the	  rescued	  virus	  at	  BHKp3	  and	  the	  P1	  region	  sequenced	  (as	  
described	  above).	  	  A	  single	  residue	  difference	  was	  detected	  compared	  to	  the	  input	  vRNA	  
at	  VP2	  131,	  where	  glutamic	  acid	  (E)	  had	  changed	  to	  lysine	  (K)	  (Figure	  5.4).	  	  This	  created	  a	  
KK	  motif	  at	  VP2	  130-­‐131	  which	  is	  the	  same	  as	  the	  vaccine	  A+	  virus.	  This	  result	  indicates	  
that	  the	  lysine	  residue	  at	  VP2	  131	  is	  important	  for	  infectivity	  and	  suggests	  that	  glutamic-­‐
acid	  at	  130	  is	  not	  required	  for	  infectivity.	  	  The	  above	  result	  also	  suggests	  that	  the	  KE	  
variant	  may	  be	  infectious	  but	  infection	  is	  probably	  less	  efficient,	  hence	  we	  see	  a	  rapid	  
selection	  of	  lysine	  at	  residue	  131.	  Taken	  together,	  these	  results	  suggest	  that	  lysine	  at	  VP2-­‐
131	  is	  a	  critical	  residue	  for	  O1K/A-­‐	  infectivity.	  	  
	  
The	  above	  results	  show	  that	  lysine	  at	  VP2	  131	  is	  important	  for	  infectivity	  of	  the	  A-­‐	  virus.	  	  
This	  prompted	  further	  investigation	  of	  whether	  the	  presence	  of	  lysine	  (K)	  was	  essential	  or	  
if	  arginine	  (R,	  which	  is	  also	  positively	  charged)	  could	  substitute	  for	  lysine	  at	  VP2	  131.	  	  A	  
mutant	  virus	  was	  therefore	  made	  that	  contained	  ER	  at	  VP2	  130-­‐131	  (Figure	  5.5,	  A).	  	  
Synthetic	  vRNA	  made	  from	  this	  transcript	  was	  transfected	  in	  to	  BHK-­‐21	  cells	  and	  the	  
resulting	  lysate	  blind	  passaged	  until	  CPE	  was	  observed.	  	  This	  was	  repeated	  twice	  using	  
different	  preparations	  of	  vRNA	  and	  subsequent	  sequencing	  was	  performed	  to	  obtain	  the	  
P1	  region.	  	  On	  one	  occasion,	  CPE	  was	  seen	  at	  the	  fourth	  passage	  post-­‐transfection.	  	  The	  
sequence	  of	  this	  virus	  showed	  that	  the	  ER	  motif	  had	  changed	  to	  EK	  (i.e.	  back	  to	  the	  
sequence	  of	  the	  A-­‐	  virus).	  	  Analysis	  of	  the	  chromatograph	  trace	  (Figure	  5.5,	  C,	  top)	  
showed	  the	  possible	  existence	  of	  a	  sub-­‐population	  of	  virus	  that	  still	  contained	  arginine	  at	  
VP2	  131.	  	  There	  was	  a	  small	  peak	  corresponding	  to	  guanine	  underneath	  the	  adenosine.	  
Guanine	  at	  this	  position	  would	  result	  in	  arginine	  being	  translated	  from	  this	  open-­‐reading	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frame;	  it	  is	  therefore	  possible	  that	  both	  viruses	  are	  co-­‐existing	  in	  this	  culture	  as	  a	  quasi-­‐
species.	  	  On	  the	  second	  occasion	  CPE	  was	  seen	  at	  the	  second	  passage	  post-­‐
electroporation.	  	  Sequencing	  of	  the	  P1	  region	  from	  rescued	  virus	  showed	  that	  the	  ER	  
motif	  was	  retained	  (Figure	  5.5,	  B).	  	  It	  is	  unknown	  why	  the	  ER	  variant	  did	  not	  revert	  to	  EK	  
on	  the	  second	  occasion.	  	  Analysis	  of	  the	  chromatograph	  trace	  revealed	  no	  evidence	  of	  
any	  sub-­‐populations	  containing	  lysine	  at	  VP2	  131	  (Figure	  5.5,	  C,	  bottom).	  	  These	  results	  
suggest	  that	  VP2	  131	  can	  be	  arginine	  or	  lysine.	  	  It	  is	  unknown	  whether	  lysine	  or	  arginine	  
at	  VP2	  131	  is	  more	  beneficial	  to	  virus	  infectivity,	  however	  the	  presence	  on	  one	  occasion	  
of	  a	  sub-­‐population	  that	  retained	  VP2	  130-­‐131	  ER,	  and	  the	  retention	  of	  the	  ER	  altogether	  
on	  a	  second	  round	  of	  transfection	  suggests	  that	  viruses	  with	  VP2	  131	  arginine	  may	  be	  
similarly	  fit	  as	  those	  with	  VP2	  131	  lysine.	  
	  
	  
Virus	   VP2	  130-­‐131	  
Recovery	  
on	  BHK-­‐
21	  
O1K/A-­‐	  
EK	  
+	  
gag-­‐aag	  
O1K/A-­‐_AA	  
AA	  
-­‐	  
gca-­‐gca	  
	  
Table	  5.4.	  Mutations	  made	  to	  VP2	  130-­‐131	  in	  the	  pO1K/A-­‐	  FMDV	  infectious	  clone.	  Amino-­‐acids	  are	  shown	  in	  capitals;	  
corresponding	  codons	  are	  shown	  in	  lower	  case	  below	  the	  amino-­‐acid	  sequences.	  The	  mutations	  are	  shown	  in	  bold.	  
Synthetic	  vRNA	  was	  made	  from	  full	  length	  cDNA	  transcripts	  containing	  these	  mutations	  then	  electroporated	  in	  to	  
BHK-­‐21	  cells.	  The	  subsequent	  lysate	  was	  passaged	  on	  BHK-­‐21	  cells.	  Virus	  viability	  was	  determined	  by	  observation	  of	  
cytopathic	  effect	  (CPE)	  (+).	  (-­‐)	  =	  no	  CPE	  observed.	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Figure	  5.4.	  (A)	  Section	  showing	  alignment	  of	  VP2	  residues	  130-­‐131	  (highlighted	  in	  red	  box)	  between	  O1K/A-­‐	  virus,	  
O1K/A-­‐_KE	  infectious	  clone	  template,	  and	  O1K/A-­‐_KEp3	  sequenced	  from	  RNA	  extracted	  from	  BHK-­‐21	  passage	  3.	  (B)	  
The	  chromatograph	  trace	  from	  the	  corresponding	  O1K/A-­‐_KEp3	  sequence.	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Figure	  5.5.	  (A)	  The	  amino-­‐acid	  and	  nucleotide	  sequences	  of	  VP2	  130-­‐131	  from	  input	  RNA	  made	  from	  a	  cDNA	  clone	  of	  
O1K/A-­‐	  with	  ER	  at	  VP2	  130/131	  (input)	  and	  the	  recovered	  sequences	  from	  two	  separate	  electroporation	  
experiments.	  In	  one	  experiment	  a	  mixture	  of	  ER	  and	  EK	  was	  observed	  while	  in	  the	  other	  the	  input	  ER	  was	  retained.	  .	  
(B)	  The	  consensus	  sequence	  for	  VP2	  103-­‐131	  is	  shown;	  one	  for	  each	  experiment.	  Dots	  indicate	  the	  sequence	  matches	  
the	  reference	  sequence	  (O1K/A-­‐).(c)	  	  For	  one	  experiment	  the	  	  Chromatograph	  traces	  showed	  ER	  was	  retained	  while	  
the	  second	  showed	  a	  mixture	  of	  Arg	  and	  Lys	  at	  VP1	  at	  VP2	  131.	  Sequences	  for	  O1K/A-­‐_ERp4	  and	  O1K/A-­‐_ERp2	  are	  
shown.	  	  VP1	  130-­‐131	  are	  highlighted	  in	  red	  boxes.	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5.2.3	  Investigation	  of	  non-­‐viable	  viruses	  
Infectious	  virus	  could	  not	  be	  recovered	  from	  several	  mutated	  variants	  of	  O1K/A-­‐.	  These	  
included	  mutations	  that	  created	  SAA	  or	  AAA	  in	  place	  of	  the	  SAR	  at	  VP2	  78-­‐80,	  and	  a	  
variant	  that	  had	  AA	  in	  place	  of	  EK	  at	  VP2	  13-­‐131.	  	  There	  are	  three	  main	  reasons	  why	  
infectious	  virus	  may	  not	  be	  recovered	  from	  these	  clones.	  	  The	  first	  is	  that	  the	  RNA	  was	  
not	  replication	  competent.	  	  Secondly,	  the	  RNA	  is	  replication	  competent	  however	  the	  viral	  
structural	  proteins	  are	  not	  assembling	  correctly	  into	  capsids.	  Thirdly,	  the	  RNA	  could	  be	  
replication	  competent	  and	  the	  virions	  assembling	  correctly,	  however	  the	  nascent	  viruses	  
are	  non-­‐infectious	  because	  they	  are	  lacking	  the	  appropriate	  residues	  at	  VP2	  78-­‐80	  and	  
130-­‐131	  that	  enable	  cell	  attachment.	  	  To	  investigate	  the	  reason	  why	  they	  may	  be	  non-­‐
viable	  a	  single	  mutant	  of	  O1K/A-­‐	  was	  chosen	  (in	  this	  instance	  the	  variant	  with	  SAA	  at	  VP2	  
78-­‐80)	  and	  synthetic	  vRNA	  was	  transfected	  into	  IBRS2	  cells	  (on	  glass	  cover	  slips)	  using	  
lipofectamine	  (see	  method	  2.6.3).	  	  IBRS2	  cells	  were	  chosen	  due	  to	  their	  higher	  
transfection	  efficiency	  and	  lipofectamine	  was	  chosen	  over	  electroporation	  as	  
lipofectamine	  can	  be	  used	  to	  transfect	  cells	  on	  glass	  coverslips	  with	  good	  cell	  
morphology.	  	  At	  certain	  intervals	  post-­‐transfection	  the	  cells	  were	  fixed	  with	  
paraformaldehyde,	  permeabilized	  then	  processed	  for	  confocal	  microscopy	  (see	  methods	  
2.11)	  by	  labelling	  for	  the	  capsid	  proteins	  (using	  monoclonal	  antibody	  (MAb)	  IB11)	  or	  for	  
the	  non-­‐structural	  protein	  3A	  (using	  MAb	  2C2).	  	  Labelling	  for	  capsid	  proteins	  was	  
performed	  at	  4,	  6,	  10	  and	  20	  hours	  post-­‐transfection.	  Labelling	  for	  3A	  was	  performed	  only	  
at	  8	  hour	  post-­‐	  transfection.	  	  For	  the	  SAA	  variant,	  capsid	  proteins	  were	  detected	  as	  early	  
as	  4	  hours	  post-­‐transfection.	  Most	  of	  the	  labelling	  was	  concentrated	  in	  small	  vesicular	  
structures	  in	  the	  peri-­‐nuclear	  region	  (Figure	  5.6,	  panel	  B).	  At	  6	  hours	  the	  level	  of	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immunofluorescence	  had	  increased,	  i.e.	  more	  cells	  were	  labelling	  positive	  for	  FMDV	  
capsid	  and	  the	  intensity	  of	  labelling	  was	  visibly	  higher.	  At	  10	  hours	  the	  cell	  monolayer	  
appeared	  intact	  however	  the	  number	  of	  cells	  labelling	  for	  capsid	  proteins	  had	  decreased	  
drastically.	  	  By	  20	  hours	  the	  cell	  monolayer	  was	  still	  intact	  however	  almost	  no	  cells	  
labelled	  positive	  for	  the	  capsid.	  At	  early	  times	  post-­‐transfection,	  similar	  results	  were	  
observed	  after	  transfection	  of	  wt	  vRNA	  derived	  for	  pO1K/A-­‐	  (which	  had	  an	  intact	  SAR	  
motif)	  (Figure	  5.6,	  panel	  A).	  Capsid	  proteins	  were	  clearly	  detected	  at	  6	  hours	  post-­‐
transfection	  and	  had	  an	  appearance	  similar	  to	  cells	  transfected	  with	  the	  SAA	  RNA,	  i.e.	  
labelling	  in	  vesicular	  structures	  in	  in	  the	  peri-­‐nuclear	  region.	  	  The	  number	  of	  cells	  labelled	  
and	  intensity	  of	  immunofluorescence	  increased	  up	  until	  10	  hours	  post-­‐transfection.	  	  
However,	  at	  20	  hours	  the	  monolayer	  had	  suffered	  significant	  damage	  due	  to	  CPE	  and	  the	  
few	  cells	  that	  did	  remain	  were	  labelled	  strongly	  for	  capsid	  proteins.	  	  Labelling	  for	  3A	  at	  8	  
hours	  post-­‐transfection	  for	  cells	  transfected	  with	  either	  the	  wt	  RNA	  of	  RNA	  with	  an	  SAA	  
motif	  showed	  similar	  results	  (Figure	  5.7).	  	  Together	  these	  results	  suggest	  that	  the	  RNA	  
with	  the	  SAA	  mutation	  is	  replication	  competent	  due	  to	  the	  positive	  labelling	  for	  capsid	  
and	  3A	  proteins	  and	  also	  the	  apparent	  CPE	  which	  resulted	  in	  loss	  of	  FMDV	  positive	  cells	  
(labelling	  for	  capsid	  proteins)	  at	  10-­‐20	  hours	  post-­‐transfection.	  	  However	  in	  contrast	  to	  
the	  wt	  vRNA	  where	  extensive	  CPE	  was	  observed	  the	  SAA	  variant	  caused	  limited	  CPE	  and	  
large	  areas	  of	  the	  cell	  monolayer	  remained	  intact.	  	  This	  suggests	  that	  although	  the	  capsid	  
and	  3A	  proteins	  for	  the	  SAA	  RNA	  are	  being	  synthesised	  infectious	  virus	  capable	  of	  
infecting	  non-­‐transfected	  cells	  was	  not	  produced.	  	  Although	  these	  results	  do	  not	  rule	  out	  
defects	  in	  capsid	  assembly	  they	  are	  consistent	  with	  a	  lack	  of	  infectivity	  of	  the	  SAA	  mutant	  
most	  likely	  due	  to	  a	  deficiency	  in	  cell	  attachment.	  	  
151	  	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
152	  	  	  	  
	  
	  
153	  	  	  	  
5.3	  Discussion	  
In	  Chapter	  3,	  analysis	  of	  the	  capsid	  sequence	  of	  the	  A/Iran/87	  field-­‐isolate	  (FI),	  A+	  and	  A-­‐	  
viruses	  showed	  that	  the	  amino-­‐acids	  at	  VP2	  78-­‐80	  and	  130-­‐131	  are	  surface	  exposed	  and	  
that	  the	  changes	  seen	  in	  the	  A-­‐	  virus	  had	  the	  potential	  to	  compensate	  for	  the	  deletion	  	  in	  
the	  integrin-­‐binding	  loop	  (G-­‐H	  loop	  of	  VP1).	  	  	  Importantly,	  the	  residues	  at	  VP2	  78-­‐80	  are	  
believed	  to	  have	  changed	  from	  LEK	  to	  SAR	  in	  the	  A+	  virus	  before	  the	  deletion	  in	  the	  G-­‐H	  
loop	  occurred.	  	  Similarly	  VP2	  131	  underwent	  a	  change	  from	  E	  to	  K	  in	  the	  A+	  before	  the	  
deletion	  in	  the	  G-­‐H	  loop	  and	  this	  change	  was	  also	  retained	  in	  the	  A-­‐	  virus.	  	  Because	  these	  
changes	  occurred	  before	  the	  deletion	  in	  G-­‐H	  loop	  this	  strengthened	  the	  argument	  that	  
they	  could	  have	  	  a	  role	  in	  the	  retained	  infectivity	  of	  the	  A-­‐	  virus.	  This	  Chapter	  sought	  to	  
test	  the	  hypothesis	  that	  the	  changes	  at	  VP2	  78-­‐80	  and	  130/131	  are	  required	  for	  infection	  
by	  the	  A-­‐	  virus.	  	  	  	  
	  
The	  results	  clearly	  demonstrate	  that	  the	  VP2	  78-­‐80	  SAR	  and	  VP2	  130-­‐131	  EK	  are	  
important	  for	  infectivity	  of	  O1K/A-­‐.	  	  The	  two	  critical	  residues	  associated	  with	  infectivity	  
appear	  to	  be	  VP2	  80	  arginine	  (R)	  and	  VP2	  131	  lysine	  (K)	  as	  changing	  either	  to	  alanine	  (A)	  
abrogated	  infection.	  	  When	  the	  SAR	  of	  VP2	  78-­‐80	  was	  changed	  to	  SAA	  or	  AAA	  infectivity	  
was	  lost,	  whereas	  when	  the	  SAR	  was	  changed	  to	  AAR	  infectivity	  was	  retained.	  	  
Furthermore,	  the	  AAR	  motif	  was	  stable	  through	  cell-­‐culture	  passage	  and	  the	  virus	  
retained	  the	  cell	  tropism	  of	  the	  parental	  O1K/A-­‐	  virus	  (i.e.	  it	  grew	  on	  CHO	  and	  CHO-­‐677	  
cells).	  	  This	  confirmed	  the	  importance	  of	  arginine	  at	  VP2	  80.	  	  The	  AAR	  variant	  appeared	  to	  
have	  a	  slightly	  lower	  titre	  on	  BHK-­‐21	  and	  CHO	  cells	  than	  the	  parental	  O1K/A-­‐	  virus	  when	  
prepared	  under	  the	  same	  conditions,	  which	  may	  indicate	  that	  the	  presence	  of	  serine	  (S)	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at	  VP2	  78	  may	  somehow	  enhance	  infectivity	  when	  VP2	  80	  is	  arginine.	  	  Similarly,	  when	  
lysine	  (K)	  of	  VP2	  131	  was	  changed	  to	  alanine	  infection	  was	  abrogated,	  confirming	  the	  
importance	  of	  VP2	  131	  lysine.	  	  	  
	  
After	  establishing	  the	  role	  of	  VP2	  78-­‐80	  and	  130-­‐131,	  further	  investigations	  explored	  the	  
effect	  of	  other	  mutations	  made	  within	  the	  SAR	  and	  EK	  motifs.	  	  In	  the	  A/Iran/87	  field-­‐
isolate	  VP2	  78-­‐80	  is	  LEK.	  	  Thus	  the	  LEK	  to	  SAR	  changes	  result	  in	  a	  net	  loss	  of	  negative	  
charge	  due	  to	  the	  substitution	  of	  alanine	  for	  glutamic-­‐acid.	  This	  would	  be	  repeated	  60	  
times	  across	  the	  capsid	  and	  would	  result	  in	  the	  virus	  offering	  60	  possible	  receptor	  binding	  
sites	  in	  a	  fixed	  pattern	  over	  the	  curved	  surface	  of	  the	  virus	  particle.	  It	  was	  therefore	  of	  
interest	  to	  investigate	  how	  infectivity	  of	  O1K/A-­‐	  would	  be	  affected	  if	  VP2	  78-­‐80	  was	  
changed	  to	  LEK	  (i.e.	  the	  sequence	  of	  the	  field-­‐isolate)	  in	  the	  presence	  of	  the	  EK	  at	  VP2	  
130/131.	  	  It	  was	  also	  investigated	  if	  LE	  at	  VP2	  78-­‐79	  affected	  infectivity	  of	  a	  virus	  that	  had	  
arginine	  at	  VP2	  80;	  to	  test	  this	  another	  variant	  was	  made	  that	  had	  VP2	  78-­‐80	  LER.	  	  Both	  of	  
these	  viruses	  were	  viable	  in	  cell	  culture	  however	  in	  both	  variants	  (LEK	  &	  LER)	  the	  
glutamic-­‐acid	  (E)	  at	  VP2	  79	  changed	  to	  lysine,	  i.e.	  the	  LEK	  virus	  changed	  to	  LKK	  and	  the	  
LER	  virus	  mutated	  to	  LKR.	  	  This	  indicates	  that	  the	  presence	  of	  glutamic-­‐acid	  within	  this	  tri-­‐
peptide	  is	  deleterious	  to	  infection	  and	  there	  is	  a	  strong	  selection	  pressure	  against	  it.	  	  It	  is	  
not	  known	  why	  glutamic-­‐acid	  at	  VP2	  79	  is	  not	  tolerated	  but	  as	  it	  is	  negatively	  charged	  it	  
could	  counteract	  the	  positive	  charge	  of	  the	  neighbouring	  lysine	  (or	  arginine)	  to	  such	  an	  
extent	  that	  virion-­‐receptor	  binding	  is	  inhibited.	  	  It	  appears	  that	  viruses	  with	  alanine	  or	  
lysine	  at	  VP2	  79	  (in	  conjunction	  with	  VP2	  80	  arginine)	  are	  infectious.	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In	  the	  viruses	  recovered	  from	  the	  LEK	  and	  LER	  transfections,	  the	  E	  changed	  to	  K	  and	  not	  A	  
as	  in	  the	  A+/A-­‐	  virus.	  	  This	  change	  (E	  to	  K)	  requires	  only	  a	  single	  nucleotide	  change.	  It	  is	  
not	  clear	  why	  the	  LEK	  and	  LER	  variants	  did	  not	  mutate	  to	  LAR	  and	  LAK	  as	  mutation	  to	  
alanine	  also	  only	  requires	  a	  single	  nucleotide	  change.	  	  It	  may	  be	  that	  when	  VP2	  78	  is	  
leucine	  infection	  is	  more	  efficient	  when	  the	  following	  two	  amino	  acids	  are	  lysine	  as	  
opposed	  to	  alanine	  and	  arginine.	  	  Nonetheless,	  when	  VP2	  78-­‐80	  is	  changed	  to	  LEK	  or	  LER,	  
there	  is	  a	  strong	  selection	  pressure	  for	  glutamic-­‐acid	  to	  change	  which	  indicates	  this	  is	  
beneficial	  to	  the	  infectivity	  of	  the	  O1K/A-­‐	  virus.	  	  It	  is	  also	  not	  entirely	  clear	  why	  there	  
appears	  to	  be	  a	  bias	  towards	  arginine	  at	  VP2	  80,	  as	  opposed	  to	  lysine,	  however	  it	  may	  be	  
that	  the	  guanidium	  group	  of	  arginine	  allows	  interactions	  in	  three	  possible	  directions,	  thus	  
enabling	  arginine	  to	  form	  a	  larger	  number	  of	  electrostatic	  interactions	  than	  lysine	  [471].	  	  
Overall,	  it	  appears	  that	  one	  of	  the	  main	  requirements	  for	  infectivity	  is	  the	  absence	  of	  
glutamic-­‐acid	  at	  VP2	  79	  in	  addition	  to	  positively	  charged	  residues	  at	  VP2	  80	  and	  131.	  
	  
VP2	  130-­‐131	  changed	  from	  KE	  to	  KK	  in	  the	  A+	  virus	  (before	  the	  partial	  loss	  of	  the	  G-­‐H	  
loop)	  and	  then	  to	  EK	  in	  the	  A-­‐	  virus.	  	  Thus,	  initially	  there	  was	  a	  net	  gain	  of	  positive	  charge	  
at	  this	  site.	  	  It	  is	  unclear	  whether	  KK	  changed	  to	  EK	  before	  or	  after	  the	  partial	  loss	  of	  the	  
G-­‐H	  loop.	  However	  the	  EK	  appears	  to	  be	  stable	  and	  important	  for	  infectivity	  of	  the	  A-­‐	  
virus.	  	  	  	  The	  results	  above	  established	  that	  lysine	  at	  VP2	  131	  is	  critical	  for	  infectivity	  as	  
variants	  with	  alanine	  in	  this	  position	  were	  no	  longer	  infectious.	  	  A	  variant	  of	  O1K/A-­‐	  was	  
made	  that	  had	  KE	  (the	  sequence	  of	  the	  FI)	  at	  VP2	  130/131.	  However,	  the	  recovered	  virus	  
had	  KK	  at	  this	  site.	  This	  indicates	  that	  glutamic-­‐acid	  is	  not	  tolerated	  at	  VP2	  131	  and	  there	  
is	  a	  strong	  selection	  pressure	  for	  lysine	  at	  this	  site.	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Next	  it	  was	  investigated	  whether	  lysine	  was	  necessary	  at	  VP2	  131	  or	  whether	  arginine	  
could	  be	  tolerated	  at	  this	  position.	  	  A	  variant	  was	  made	  that	  had	  ER	  at	  VP2	  130-­‐131	  ER	  
and	  the	  recovered	  virus	  maintained	  this	  sequence.	  However,	  when	  repeated	  evidence	  
was	  found	  to	  show	  that	  the	  ER	  had	  changed	  to	  EK.	  	  Not	  only	  does	  this	  confirm	  the	  
importance	  of	  a	  positive	  residue	  at	  VP2	  131	  for	  infectivity,	  it	  also	  suggests	  a	  degree	  of	  
flexibility	  at	  this	  site	  as	  infectious	  virus	  can	  be	  recovered	  when	  VP2	  131	  is	  lysine	  or	  
arginine.	  	  	  
	  
The	  VP2	  residues	  80	  and	  131	  are	  critical	  for	  infectivity	  of	  O1K/A-­‐	  and	  when	  mapped	  on	  to	  
a	  three-­‐dimensional	  model	  of	  a	  pentamer	  of	  FMDV	  A1061	  it	  is	  apparent	  that	  they	  are	  
structurally	  close	  to	  one	  another	  (see	  Figure	  5.8).	  	  The	  proximity	  of	  these	  motifs	  to	  one	  
another	  raises	  the	  prospect	  that	  they	  may	  be	  creating	  a	  patch	  of	  positive	  charge	  that	  
allows	  the	  capsid	  to	  interact	  with	  negatively	  charged	  cell-­‐surface	  molecules.	  	  It	  is	  likely	  
that	  they	  co-­‐operate	  with	  one	  another	  to	  form	  a	  novel	  cell-­‐attachment	  site.	  	  Another	  
interesting	  observation	  is	  that	  when	  these	  residues	  are	  modelled	  on	  a	  three-­‐dimensional	  
structure	  of	  a	  virus	  (O1BFS)	  that	  has	  been	  chemically	  reduced	  with	  dithiothreitol	  (DTT)(to	  
allow	  visualisation	  of	  the	  G-­‐H	  loop	  of	  VP1)[31],	  VP2	  78-­‐80	  and	  130-­‐131	  lie	  underneath	  the	  
position	  occupied	  by	  the	  	  VP1	  G-­‐H	  loop	  (Figure	  5.9).	  	  It	  is	  interesting	  to	  speculate	  that	  the	  
deletion	  within	  the	  VP1	  G-­‐H	  loop,	  as	  seen	  in	  the	  A-­‐	  virus,	  allows	  more	  efficient	  use	  of	  the	  
SAR	  and	  EK	  motifs,	  for	  example	  by	  allowing	  more	  efficient	  cell-­‐attachment.	  	  
	  
The	  attachment	  receptor	  on	  cells	  for	  the	  A-­‐	  virus	  is	  not	  known,	  however	  if	  the	  virus	  is	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using	  the	  positive	  residues	  of	  the	  SAR	  and	  EK	  motifs	  of	  VP2	  to	  bind	  to	  negatively-­‐charged	  
cell-­‐surface	  molecules	  then	  one	  possibility	  is	  that	  it	  may	  be	  using	  	  glycosaminoglycans	  
(GAGs)	  such	  as	  HS	  and	  CS.	  	  The	  O1K/A-­‐	  virus	  was	  tested	  on	  multiple	  different	  cell-­‐types	  to	  
determine	  its	  cell	  tropism.	  	  A/Iran/87	  A-­‐	  infects	  BHK-­‐21,	  IBRS2,	  CHO	  (which	  lack	  FMDV	  
integrin	  receptors),	  CHO-­‐677	  (which	  lack	  HS),	  CHO-­‐745	  (which	  lack	  HS	  and	  CS)	  and	  CHO-­‐
Lec2	  (which	  lack	  sialic-­‐acid)(Veronica	  Fowler,	  personal	  communication).	  	  Although	  this	  
suggests	  that	  the	  A-­‐	  is	  virus	  is	  not	  using	  	  integrin,	  HS,	  CS	  or	  sialic-­‐acid	  (SA)	  as	  receptors	  the	  
possibility	  that	  the	  A-­‐	  virus	  can	  use	  more	  than	  one	  of	  the	  above	  molecules	  as	  a	  receptor	  
should	  not	  be	  excluded.	  	  The	  apparent	  flexibility	  of	  amino	  acid	  at	  VP2	  80	  and	  131	  (which	  
can	  be	  either	  K	  or	  R)	  would	  be	  consistent	  with	  a	  certain	  amount	  of	  promiscuity	  in	  
receptor	  usage,	  hence	  loss	  of	  infectivity	  would	  not	  be	  seen	  for	  cells	  lacking	  one	  particular	  
receptor	  type.	  It	  would	  be	  interesting	  to	  determine	  whether	  removal	  of	  SA	  from	  CHO-­‐677	  
cells	  or	  removing	  HS	  from	  CHO-­‐Lec2	  cells	  inhibits	  infection	  of	  the	  A-­‐	  virus.	  	  
	  
Some	  mutant	  viruses	  were	  shown	  to	  be	  non-­‐infectious	  despite	  numerous	  attempts	  at	  
rescue.	  	  Interestingly,	  cells	  transfected	  with	  synthetic	  vRNA	  with	  SAA	  or	  AAA	  at	  VP2	  78-­‐80	  
appeared	  to	  show	  signs	  of	  CPE	  post-­‐transfection	  however	  infectious	  virus	  could	  not	  be	  
recovered	  on	  subsequent	  passage.	  	  This	  suggested	  that	  the	  input	  vRNA	  was	  replication	  
competent	  and	  capable	  of	  causing	  cell-­‐death.	  	  However,	  the	  failure	  to	  recover	  infectious	  
virus	  could	  also	  result	  from	  a	  negative	  effect	  of	  the	  mutations	  on	  vRNA	  translation	  or	  
capsid	  assembly.	  	  Cells	  transfected	  with	  vRNA	  with	  SAA	  appeared	  to	  express	  the	  FMDV	  3A	  
and	  large	  amounts	  of	  capsid	  proteins	  at	  levels	  that	  suggest	  replication	  of	  the	  input	  vRNA	  
had	  occurred.	  Also,	  and	  CPE	  appeared	  similar	  to	  cells	  transfected	  with	  wt	  O1K/A-­‐	  vRNA.	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After	  several	  hours	  incubation	  however	  cell	  monolayers	  transfected	  with	  the	  SAA	  variant	  
RNA	  showed	  barely	  any	  viral	  protein	  expression	  and	  the	  monolayer	  appeared	  healthy.	  	  In	  
contrast,	  cell	  monolayers	  transfected	  with	  O1K/A-­‐	  vRNA	  showed	  extensive	  signs	  of	  CPE	  
indicating	  virus	  infectivity	  and	  cell-­‐cell	  transmission.	  	  These	  results	  suggest	  that	  the	  
O1K/A-­‐/SAA	  vRNA	  is	  replication	  competent	  and	  the	  failure	  to	  produce	  infectious	  virus	  is	  
due	  to	  a	  defect	  in	  virus	  cell-­‐attachment	  and	  spread	  through	  the	  monolayer.	  	  More	  work	  is	  
needed	  to	  determine	  whether	  this	  defect	  is	  caused	  by	  a	  failure	  of	  the	  capsid	  to	  assemble	  
or	  an	  inability	  of	  virion	  attachment	  to	  cells.	  	  
	  
The	  observations	  made	  in	  this	  chapter	  are	  important	  because	  they	  present	  compelling	  
evidence	  for	  a	  novel	  mechanism	  of	  FMDV	  cell	  culture	  adaptation	  that	  most	  likely	  involves	  
novel	  receptors	  and	  results	  in	  an	  expanded	  tropism	  for	  cells.	  	  There	  are	  numerous	  reports	  
of	  new	  cell-­‐attachment	  motifs	  arising	  in	  cell-­‐culture	  adapted	  FMDV	  [355,	  358-­‐360,	  376-­‐
378,	  380]	  however	  this	  is	  the	  first	  occasion	  where	  cell-­‐culture	  adaptation	  has	  arisen	  in	  
combination	  with	  a	  partial	  G-­‐H	  loop	  deletion.	  	  	  
	  
Novel	  cell-­‐attachment	  motifs	  arising	  in	  FMDV	  are	  often	  associated	  with	  the	  acquisition	  of	  
positively	  charged	  residues	  on	  the	  outer	  capsid	  surface,	  of	  which	  the	  literature	  reports	  
are	  located	  on	  the	  HS-­‐binding	  pocket	  [32,	  39,	  335,	  353,	  472]	  and	  the	  5	  fold	  axis	  of	  
symmetry	  [358,	  359,	  377].	  	  Berryman	  et	  al	  [377]	  reported	  that	  a	  glutamine	  (Q)	  to	  lysine	  
(K)	  change	  at	  VP1	  110	  in	  a	  chimeric	  virus	  containing	  the	  capsid	  of	  A/Turkey/2/2006	  in	  the	  
backbone	  of	  O1K	  (pT7S3)	  allowed	  infection	  of	  CHO	  cells	  in	  an	  integrin	  and	  HS-­‐
independent	  manner.	  This	  virus	  was	  also	  able	  to	  infect	  CHO-­‐Lec2	  cells,	  which	  are	  deficient	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in	  sialic-­‐acid.	  	  For	  this	  virus	  to	  infect	  CHO,	  CHO-­‐677	  and	  CHO-­‐Lec2	  cells	  however	  lysine	  or	  
arginine	  was	  also	  required	  at	  VP1	  109	  as	  variants	  with	  glutamine	  or	  alanine	  were	  
infectious	  in	  BHK-­‐21	  cells	  but	  not	  CHO.	  	  VP1	  109-­‐110	  are	  located	  at	  the	  five-­‐fold	  axis	  of	  
symmetry	  and	  it	  was	  postulated	  that	  two	  lysines	  (or	  a	  lysine	  and	  an	  arginine)	  at	  this	  
position	  creates	  a	  dense	  patch	  of	  positive	  charge	  that	  allows	  the	  capsid	  to	  interact	  with	  
negatively	  charged	  cell-­‐surface	  molecules.	  	  One	  similarity	  between	  the	  observations	  
made	  by	  Berryman	  et	  al	  (2005)	  and	  the	  observations	  made	  in	  Chapter	  5	  are	  that	  integrin-­‐
independent	  cell-­‐binding	  appeared	  to	  be	  mediated	  by	  a	  clustering	  of	  positive	  residues	  on	  
the	  capsid	  surface.	  	  	  There	  have	  been	  other	  reports	  of	  cell-­‐culture	  adapted	  viruses	  
acquiring	  positively	  charged	  residues	  that	  enable	  them	  to	  infect	  cells	  in	  an	  integrin-­‐
independent	  manner.	  	  Maree	  et	  al	  [358]	  reported	  	  a	  SAT1	  virus	  (SAR/9/81tc)	  that	  had	  
four	  capsid	  amino	  acid	  substitutions	  (VP3	  D192Y,	  VP3	  S217I,	  VP1	  A69G,	  VP1	  N110K)	  and	  
acquired	  the	  ability	  to	  infect	  CHO-­‐K1	  cells,	  possibly	  by	  interacting	  with	  negatively	  charged	  
cell-­‐surface	  molecules	  .	  	  Maree	  et	  al	  (2010)	  has	  also	  previously	  reported	  other	  SAT	  type	  
viruses	  that	  acquire	  to	  ability	  to	  infect	  CHO-­‐K1	  cells	  via	  the	  acquisition	  of	  positively	  
charged	  residues	  at	  the	  five-­‐fold	  axis	  of	  symmetry	  [359],	  which	  included	  residues	  VP1	  
110-­‐112	  and	  83-­‐85.	  	  It	  is	  unlikely	  that	  in	  A/Iran/87	  A-­‐	  the	  five-­‐fold	  axis	  of	  symmetry	  is	  
involved	  in	  virus-­‐receptor	  interactions	  as	  in	  recovered	  viruses	  the	  residues	  at	  VP1	  109-­‐
110	  were	  KA.	  To	  summarise,	  the	  evidence	  is	  clear	  that	  an	  accumulation	  of	  positively	  
charged	  residues	  at	  certain	  regions	  of	  the	  capsid	  surface	  may	  enable	  FMD	  virions	  of	  
different	  serotypes	  to	  interact	  with	  negatively	  charged	  GAGs	  and	  in	  A/Iran/87	  A-­‐	  these	  
residues	  are	  located	  on	  VP2.	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In	  conclusion,	  here	  novel	  motifs	  have	  been	  identified	  on	  FMDV	  A/Iran/87	  A-­‐	  located	  at	  
residues	  VP2	  80	  and	  VP2	  131	  that	  allow	  for	  infection	  of	  cells	  in	  the	  absence	  of	  integrin	  
binding.	  	  These	  motifs	  likely	  function	  by	  creating	  a	  patch	  of	  positive	  charge	  on	  the	  capsid	  
surface	  allowing	  interactions	  with	  negatively	  charged	  cell-­‐surface	  receptors.	  This	  
conclusion	  is	  supported	  by	  observations	  in	  similar	  studies	  where	  an	  accumulation	  of	  
positive	  charge	  in	  discrete	  locations	  on	  the	  capsid	  has	  enabled	  FMDV	  to	  infect	  CHO	  and	  
HS-­‐deficient	  CHO	  cells.	  	  The	  presence	  of	  VP2	  80	  arginine	  and	  131	  lysine	  enables	  A/Iran/87	  
A-­‐	  results	  in	  an	  expanded	  tropism	  of	  cells	  including	  CHO	  and	  HS-­‐	  and	  SA-­‐deficient	  CHO	  
cells.	  	  A/Iran/87	  A-­‐	  may	  therefore	  utilise	  an	  unknown	  “third”	  receptor	  and	  a	  different	  
pathway	  of	  endocytosis.	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Figure	  5.8.	  Crystallographic	  structure	  of	  a	  pentamer	  of	  FMDV	  A1061.	  	  (A)	  Front,	  solvent	  exposed	  view,	  (B)	  lateral	  view.	  	  
The	  amino-­‐acid	  residues	  at	  VP2	  78-­‐80	  and	  130-­‐131	  are	  highlighted	  by	  coloured	  space-­‐filled	  structures.	  	  The	  
corresponding	  amino	  acids	  from	  A/Iran/87	  A-­‐	  were	  modelled	  on	  to	  this	  structure	  and	  correspond	  to	  the	  following;	  
Serine	  (red),	  alanine	  (orange),	  arginine	  (yellow),	  glutamic-­‐acid	  (purple)	  and	  lysine	  (green).	  	  VP2	  80	  and	  131	  are	  both	  
positively	  charged	  amino-­‐acids	  and	  are	  structurally	  close	  to	  one-­‐another.	  	  
Figure	  prepared	  using	  PDB	  file:	  1ZBE	  and	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.5.0.4	  Schrödinger,	  LLC.	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Figure	  5.9.	  Space-­‐filled	  crystallographic	  structure	  of	  a	  pentamer	  of	  FMDV	  O1BFS.	  This	  pentameric	  model	  contains	  a	  
chemically	  reduced	  G-­‐H	  loop,	  causing	  it	  to	  remain	  folded	  over	  the	  surface	  of	  VP2.	  (A)	  Lateral	  view.	  (B)	  Front,	  solvent-­‐
exposed	  view.	  Residues	  VP2	  78-­‐80	  are	  highlighted	  red,	  VP2	  130-­‐131	  are	  highlighted	  orange.	  The	  G-­‐H	  loop	  at	  VP1	  135-­‐
155	  (which	  includes	  the	  integrin-­‐binding	  RGD)	  is	  highlighted	  white.	  
Figure	  prepared	  using	  PDB	  file:	  1FOD	  and	  The	  PyMOL	  Molecular	  Graphics	  System,	  Version	  1.5.0.4	  Schrödinger,	  LLC.	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Chapter	  Six:	  	  Transfer	  of	  the	  VP2	  78-­‐80	  SAR	  and	  130-­‐131	  EK	  motifs	  into	  the	  
capsid	  of	  FMDV	  A/Turkey/2/2006	  
	  
6.1	  Introduction	  
The	  results	  in	  Chapter	  5	  show	  that	  the	  SAR	  located	  at	  VP2	  78-­‐80	  and	  the	  EK	  located	  at	  
VP2	  130-­‐131	  are	  required	  for	  the	  infectivity	  of	  A/Iran/87	  A-­‐.	  	  	  This	  Chapter	  investigates	  
the	  hypothesis	  that	  these	  motifs	  can	  be	  transferred	  into	  another	  type	  A	  virus	  (FMDV	  
A/Turkey/2/2006)	  with	  retained	  infectivity.	  	  For	  this	  a	  pre-­‐existing	  infectious	  copy	  clone	  
was	  used	  which	  has	  the	  capsid	  coding	  region	  of	  an	  FMDV	  field-­‐isolate,	  A/Turkey/2/2006	  
in	  the	  genetic	  background	  of	  O1K	  (i.e.	  an	  A/Turkey/2/2006	  capsid	  “switched”	  version	  of	  
pT7S3).	  	  Infectious	  virus	  derived	  from	  this	  clone	  (pO1K/ATur)	  is	  referred	  to	  as	  O1K/ATur	  
and	  uses	  integrins	  as	  its	  sole	  receptor;	  it	  can	  therefore	  infect	  cells	  that	  express	  FMDV-­‐
integrin	  receptors	  such	  as	  primary	  bovine	  thyroid	  cells	  (pBTY)	  and	  BHK-­‐21	  	  but	  not	  cells	  
that	  lack	  such	  integrins	  such	  as	  CHO	  cells	  [377].	  	  	  
	  
This	  section	  describes	  the	  production	  and	  characterisation	  of	  mutant	  variants	  of	  
O1K/ATur.	  	  In	  the	  first	  instance	  residues	  at	  the	  five-­‐fold	  symmetry	  axis	  of	  the	  capsid	  were	  
changed	  because	  recently	  it	  has	  been	  shown	  that	  a	  mutation	  at	  VP1-­‐110	  (Q	  to	  K)	  enables	  
O1K/ATur	  to	  infect	  CHO	  cells	  [377].	  	  Therefore	  to	  reduce	  the	  possibility	  of	  this	  change	  
occurring	  when	  using	  virus	  derived	  from	  pO1K/ATur	  the	  mutagenesis	  strategy	  included	  a	  
Q	  to	  A	  mutation	  at	  VP1	  110.	  	  Also,	  the	  strategy	  included	  mutating	  the	  critical	  integrin-­‐
binding	  RGD-­‐motif	  (on	  the	  G-­‐H	  loop	  of	  VP1	  residues	  144-­‐146)	  of	  O1K/ATur	  to	  KGA	  to	  
abrogate	  integrin	  binding.	  Collectively	  these	  changes	  render	  O1K/ATur	  non-­‐infectious.	  	  
	  
Mutagenesis	  of	  pO1K/ATur	  followed	  a	  sequential	  step-­‐wise	  strategy.	  	  The	  first	  section	  of	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this	  Chapter	  describes	  the	  characterisation	  of	  a	  virus	  rescued	  from	  pO1K/ATur	  that	  
contained	  KA	  at	  VP1	  109-­‐110	  as	  opposed	  to	  KQ	  (as	  seen	  in	  the	  FI).	  	  This	  was	  done	  to	  verify	  
that	  the	  Q	  to	  A	  change	  at	  VP1	  110	  did	  not	  abrogate	  infectivity.	  The	  following	  section	  goes	  
on	  to	  investigate	  the	  role	  of	  VP2	  78-­‐80	  in	  infectivity	  of	  pO1K/ATur.	  	  Three	  mutant	  
plasmids	  of	  pO1K/ATur	  were	  made	  that	  each	  contained	  a	  LEK	  to	  SAR	  mutation.	  	  Of	  these,	  
one	  had	  an	  unaltered	  wt	  RGD	  in	  conjunction	  with	  KA	  at	  VP1	  109-­‐110	  and	  this	  was	  done	  to	  
ensure	  that	  in	  the	  presence	  of	  the	  RGD	  the	  combined	  introduction	  of	  the	  SAR	  and	  KA	  
motifs	  did	  not	  have	  a	  derogatory	  effect	  on	  infection.	  	  Another	  had	  a	  RGD	  to	  KGA	  mutation	  
in	  conjunction	  with	  KA	  at	  VP1	  109-­‐110	  in	  order	  to	  investigate	  whether	  the	  presence	  of	  
the	  SAR	  would	  confer	  infectivity	  when	  the	  RGD	  was	  absent.	  	  Finally,	  the	  third	  had	  a	  RGD	  
to	  KGA	  mutation	  but	  retained	  the	  wt	  residues	  at	  VP1	  109-­‐110	  (KQ).	  This	  was	  made	  to	  see	  
if	  in	  the	  absence	  of	  an	  RGD	  a	  virus	  with	  SAR	  and	  KQ	  at	  VP1	  109-­‐110	  could	  be	  rescued.	  
	  
The	  third	  round	  of	  mutagenesis	  explored	  the	  role	  of	  VP1	  130-­‐131	  in	  infectivity.	  A	  clone	  of	  
pO1K/ATur	  that	  had	  the	  wt	  LEK	  at	  VP2	  78-­‐80,	  KA	  at	  VP1	  109-­‐110,	  and	  KGA	  at	  VP1	  144-­‐146	  
in	  place	  of	  the	  RGD	  was	  used	  to	  determine	  the	  role	  of	  VP2	  130-­‐131.	  	  The	  mutations	  made	  
at	  VP2	  130-­‐131	  were	  KK	  and	  EK	  respectively	  (i.e.	  to	  the	  residues	  found	  in	  A/Iran/87	  A+	  
and	  A-­‐	  viruses).	  	  
	  
Finally,	  the	  fourth	  round	  of	  mutagenesis	  investigated	  the	  effect	  of	  introducing	  SAR	  at	  VP2	  
78-­‐80	  in	  conjunction	  with	  EK	  or	  KK	  at	  VP2	  130-­‐131	  on	  infectivity	  of	  O1K/ATur.	  	  Two	  clones	  
were	  made	  that	  each	  had	  SAR	  at	  VP2	  78-­‐80,	  KA	  at	  VP109-­‐110	  and	  KGA	  at	  VP1	  144-­‐146.	  	  
One	  of	  the	  clones	  had	  EK	  at	  VP2	  130-­‐131	  EK	  whereas	  the	  other	  had	  KK	  at	  these	  residues.	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These	  viruses	  were	  used	  to	  determine	  the	  impact	  on	  infectivity	  of	  O1K/ATur	  when	  VP2	  78-­‐
80	  and	  VP2	  130-­‐131	  are	  changed	  to	  the	  residues	  observed	  in	  A/Iran/87	  A+	  and	  A-­‐	  whilst	  
simultaneously	  abrogating	  integrin-­‐binding.	  	  
	  
6.2	  Results	  
6.2.1	  Changing	  VP1	  110	  to	  alanine	  in	  O1K/ATur	  does	  not	  abrogate	  infectivity	  
Previously,	  when	  O1K/ATur	  was	  passaged	  in	  cell-­‐culture	  VP1-­‐110	  rapidly	  changed	  from	  
glutamine	  to	  lysine,	  which	  conferred	  the	  ability	  to	  infect	  CHO	  cells	  in	  an	  integrin-­‐	  and	  HS-­‐
independent	  manner.	  To	  prevent	  this	  from	  occurring	  when	  using	  O1K/ATur,	  site	  directed	  
mutagenesis	  was	  used	  to	  create	  a	  variant	  of	  O1K/ATur	  that	  had	  Ala	  at	  VP1-­‐110	  
(pO1KA/TurQ110A).	  	  Alanine	  was	  chosen	  as	  during	  cell	  culture	  passage	  2	  nucleotide	  
changes	  would	  be	  needed	  to	  acquire	  lysine	  at	  this	  site.	  	  Mutagenesis	  was	  performed	  as	  
described	  in	  the	  methods	  using	  primers	  listed	  in	  Table	  2.1	  and	  pO1K/ATur	  as	  the	  
template.	  	  After	  mutagenesis	  sequencing	  of	  the	  P1	  region	  ensured	  the	  change	  had	  been	  
made	  (Table	  6.1)	  and	  no	  other	  unintended	  mutations	  had	  been	  introduced.	  Synthetic	  
RNA	  made	  from	  pO1K/ATur	  with	  Ala	  at	  VP1	  110	  and	  from	  the	  wt	  parental	  pO1K/ATur	  
plasmid	  (which	  served	  as	  a	  positive	  control)	  was	  electroporated	  in	  to	  BHK-­‐21	  cells	  and	  the	  
resulting	  lysate	  passaged	  using	  BHK-­‐21	  cells.	  Both	  viruses	  caused	  CPE	  in	  the	  
electroporated	  cells	  and	  on	  subsequent	  passages.	  Viral	  RNA	  was	  extracted	  from	  cells	  at	  
BHK-­‐21	  passage	  2,	  converted	  to	  single	  stranded	  cDNA	  and	  the	  capsid	  region	  amplified	  by	  
PCR	  and	  sequenced	  using	  the	  same	  approaches	  as	  describe	  in	  Chapter	  5.	  The	  results	  
confirmed	  that	  alanine	  at	  VP1-­‐110	  was	  present	  at	  passage	  2	  and	  that	  no	  other	  mutations	  
in	  the	  capsid	  occurred	  (Table	  6.2).	  	  This	  confirms	  that	  alanine	  at	  VP1-­‐110	  does	  not	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abrogate	  infectivity	  of	  O1K/ATur	  for	  BHK	  cells.	  These	  observations	  confirm	  that	  glutamine	  
at	  VP1	  110	  does	  not	  pay	  an	  important	  role	  with	  respect	  to	  receptor	  binding	  by	  viruses	  
that	  contain	  an	  intact	  RGD.	  
	  
	  
Virus	  	   VP2	  109-­‐110	  
pO1K/ATur	  
KQ	  
aag-­‐cag	  
pO1K/ATurQ110A	  
KA	  
aag-­‐gca	  
Table	  6.1.	  The	  nucleotide	  changes	  made	  to	  O1K/ATur	  in	  order	  to	  change	  the	  amino-­‐acid	  residues	  at	  VP1-­‐109-­‐110	  
from	  KQ	  to	  KA.	  Amino-­‐acids	  are	  shown	  in	  caps,	  lower-­‐case	  letters	  denote	  nucleotides.	  	  
	  
	  
Virus	  No.	   VP2	  78-­‐80	   VP2	  130-­‐131	   VP1	  109-­‐110	   VP1	  144-­‐146	   Viability	  on	  BHK-­‐21	  
1	  (wt)	   LEK	   KE	   KQ	   RGD	   +	  
2	   LEK	   KE	   KA	   RGD	   +	  
	  
Table	  6.2	  Shows	  the	  residues	  at	  positions	  of	  interest	  in	  viruses	  recovered	  at	  BHKP2	  for	  wt	  pO1K/ATur	  (1)	  and	  
pO1K/ATurQ110A(2).	  	  No	  other	  changes	  in	  the	  P1	  region	  were	  seen.	  The	  introduced	  mutation	  at	  VP1	  110	  is	  shown	  in	  
red.	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6.2.2	  Viruses	  with	  SAR	  at	  VP2	  78-­‐80	  are	  still	  infectious,	  however	  infectivity	  is	  lost	  when	  
the	  RGD	  is	  mutated	  to	  KGA	  
To	  investigate	  whether	  the	  SAR	  motif	  was	  sufficient	  to	  confer	  infectivity	  in	  the	  absence	  of	  
the	  integrin-­‐binding	  RGD	  a	  number	  of	  mutant	  viruses	  (Viruses	  3-­‐5	  Table	  4.3)	  were	  made	  
using	  the	  O1K/ATur	  cDNA	  clone.	  Table	  6.3	  summarises	  the	  residues	  at	  selected	  key	  sites.	  
All	  of	  these	  viruses	  had	  a	  LEK	  to	  SAR	  mutation	  at	  VP2	  78-­‐80	  and	  the	  wt	  KE	  at	  VP2	  130-­‐131.	  	  
Virus	  3	  has	  the	  Q	  to	  A	  change	  at	  VP1	  110	  and	  an	  intact	  RGD	  motif	  while	  viruses	  4	  and	  5	  
had	  KGA	  at	  this	  site	  and	  either	  Q	  (virus	  4)	  or	  A	  (virus	  5)	  at	  VP1	  110.	  	  Sequencing	  of	  the	  
capsid	  region	  of	  the	  mutated	  plasmids	  was	  used	  to	  confirm	  these	  mutations	  and	  that	  no	  
other	  changes	  were	  introduced.	  	  Synthetic	  vRNA	  derived	  from	  these	  clones	  was	  
electroporated	  into	  BHK-­‐21	  cells	  and	  cell	  lysates	  passed	  on	  using	  BHK-­‐21	  cells.	  	  The	  
electroporation	  procedure	  was	  performed	  twice	  using	  the	  same	  stock	  of	  vRNA.	  	  Cells	  that	  
had	  been	  electroporated	  with	  vRNA	  showed	  evidence	  of	  CPE.	  The	  cells	  were	  then	  freeze-­‐
thawed	  and	  the	  lysate	  passaged	  on	  to	  BHK-­‐21	  monolayers.	  	  Virus	  number	  3,	  which	  has	  an	  
SAR	  at	  VP2	  78-­‐80	  in	  conjunction	  with	  KA	  at	  VP1	  109-­‐110	  and	  an	  intact	  RGD	  was	  infectious	  
and	  virus	  could	  be	  recovered	  from	  this	  variant	  at	  passage	  2	  indicating	  that	  the	  presence	  
of	  VP2	  78-­‐80	  SAR	  does	  not	  abrogate	  infection.	  Sequencing	  of	  the	  P1	  region	  of	  this	  virus	  at	  
BHK-­‐21	  passage	  4	  showed	  that	  the	  capsid	  encoding	  region	  (including	  the	  introduced	  
mutations)	  was	  faithfully	  retained.	  This	  indicates	  that	  the	  SAR	  motif	  is	  stable	  throughout	  
virus	  passage	  in	  BHK-­‐21	  cells.	  The	  2	  other	  viruses	  (Viruses	  4	  and	  5)	  which	  had	  an	  SAR	  in	  
combination	  with	  KGA	  were	  both	  non-­‐infectious	  regardless	  if	  VP1	  110	  was	  Q	  or	  A	  as	  CPE	  
was	  not	  seen	  for	  either	  virus	  up	  to	  BHK-­‐21	  passage	  4.	  This	  suggests	  that	  the	  SAR	  alone	  is	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not	  sufficient	  to	  confer	  infectivity	  to	  O1K/ATur	  in	  the	  absence	  the	  integrin-­‐binding	  RGD	  
motif.	  
	  
Virus	  No.	   VP2	  78-­‐80	   VP2	  130-­‐131	   VP1	  109-­‐110	   VP1	  144-­‐146	  
Viability	  
on	  BHK-­‐
21	  
3	   SAR	   KE	   KA	   RGD	   +	  
4	   SAR	   KE	   KQ	   KGA	   -­‐	  
5	   SAR	   KE	   KA	   KGA	   -­‐	  
	  
Table	  6.3	  showing	  the	  introduced	  mutations	  made	  in	  the	  backbone	  of	  pO1K/ATur	  and	  the	  viability	  of	  the	  rescued	  
viruses	  on	  BHK-­‐21	  cells.	  Mutations	  are	  shown	  in	  red.	  Residues	  at	  other	  sites	  of	  interest	  are	  shown	  in	  black.	  	  
	  
	  
6.2.3	  Lysine	  at	  VP2-­‐131	  is	  not	  sufficient	  by	  itself	  to	  rescue	  infectivity	  of	  a	  KGA	  containing	  
virus	  	  
During	  passage	  of	  A/Iran/87,	  VP2	  130-­‐131	  mutated	  from	  KE	  in	  the	  field-­‐isolate	  to	  KK	  in	  
the	  A+	  virus	  and	  then	  to	  EK	  in	  the	  A-­‐	  virus.	  Also,	  during	  the	  mutagenesis	  experiments	  with	  
O1K/A-­‐	  (Chapter	  5),	  infectious	  virus	  could	  be	  recovered	  which	  had	  KK	  or	  EK	  at	  these	  
residues.	  To	  examine	  whether	  KK	  or	  EK	  at	  VP2	  130	  and	  131	  is	  sufficient	  to	  confer	  RGD-­‐
independent	  infectivity,	  two	  mutants	  of	  O1K/ATur	  were	  made	  using	  site-­‐directed	  
mutagenesis.	  These	  two	  variants	  (Viruses	  6	  and	  7)	  had	  the	  wt	  LEK	  at	  VP2	  78-­‐80	  and	  KA	  at	  
VP1	  109-­‐110,	  and	  KGA	  at	  VP1	  144-­‐146	  (Table	  6.4).	  Virus	  6	  had	  EK	  and	  virus	  7	  KK	  in	  place	  
of	  the	  wt	  KE	  at	  VP2	  130-­‐131.	  	  Mutagenesis	  was	  performed	  as	  described	  in	  methods	  2.5.1	  
using	  primers	  listed	  in	  Table	  2.1	  and	  pO1K/ATur	  as	  the	  template.	  	  After	  mutagenesis	  
sequencing	  of	  the	  capsid	  encoding	  regions	  showed	  that	  the	  expected	  changes	  had	  been	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made	  (Table	  6.4)	  and	  that	  no	  other	  unwanted	  mutations	  had	  been	  introduced.	  Synthetic	  
RNA	  was	  made	  from	  clones	  6	  and	  7	  and	  electroporated	  in	  to	  BHK-­‐21	  cells.	  Synthetic	  RNA	  
transfected	  cells	  showed	  evidence	  of	  CPE	  the	  following	  day	  after	  electroporation.	  	  The	  
transfection	  was	  performed	  a	  total	  of	  3	  times	  using	  two	  different	  RNA	  stocks,	  and	  on	  one	  
occasion	  using	  Escort	  transfection	  reagent	  instead	  of	  electroporation.	  Lysates	  were	  
passaged	  on	  to	  monolayers	  of	  BHK-­‐21	  cells	  four	  times	  (P4).	  On	  no	  occasion	  could	  virus	  be	  
rescued	  from	  these	  variants.	  Taken	  together,	  these	  results	  indicate	  that	  the	  presence	  of	  
KK	  or	  EK	  at	  VP2	  130-­‐131	  when	  in	  conjunction	  with	  a	  non-­‐functional	  RGD	  (i.e.	  KGA)	  is	  not	  
sufficient	  to	  confer	  infectivity	  on	  O1K/ATur.	  This	  strongly	  supports	  the	  view	  that	  the	  SAR	  
and	  EK	  (or	  KK)	  motifs	  are	  required	  in	  combination	  to	  confer	  infectivity	  to	  viruses	  that	  lack	  
a	  functional	  integrin-­‐binding	  RGD	  motif.	  	  
	  
Virus	  No.	   VP2	  78-­‐80	   VP2	  130-­‐131	   VP1	  109-­‐110	   VP1	  144-­‐146	  
Viability	  
on	  BHK-­‐
21	  
6	   LEK	   EK	   KA	   KGA	   -­‐	  
7	   LEK	   KK	   KA	   KGA	   -­‐	  
	  
Table	  6.4	  showing	  the	  introduced	  mutations	  made	  in	  the	  backbone	  of	  pO1K/ATur	  and	  the	  viability	  of	  the	  rescued	  
viruses	  on	  BHK-­‐21	  cells.	  Mutations	  are	  shown	  in	  red.	  Residues	  at	  other	  sites	  of	  interest	  are	  shown	  in	  black.	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6.2.4	  SAR	  at	  VP2	  78-­‐80	  in	  combination	  with	  EK	  or	  KK	  at	  VP2	  130-­‐131	  permits	  integrin-­‐
independent	  infection	  by	  O1K/ATur	  
The	  above	  results	  show	  that	  when	  the	  integrin-­‐binding	  RGD	  is	  changed	  to	  an	  inactive	  
KGA,	  infectivity	  for	  BHK-­‐21	  cells	  is	  lost	  when	  the	  SAR	  at	  VP2	  78-­‐80	  or	  EK	  (or	  KK)	  at	  VP2	  
130-­‐131	  are	  present	  individually.	  	  This	  supports	  the	  observations	  made	  in	  Chapter	  5	  
which	  show	  that	  both	  the	  SAR	  and	  EK	  motifs	  are	  important	  for	  the	  infectivity	  of	  O1K/A-­‐.	  
To	  investigate	  the	  hypothesis	  that	  both	  the	  SAR	  and	  EK	  motif	  are	  required	  in	  combination	  
for	  infectivity	  two	  more	  mutant	  viruses	  of	  O1K/ATur	  were	  made	  (Viruses	  8	  and	  9).	  	  Both	  
viruses	  had	  Ala	  at	  VP1	  110	  and	  KGA	  in	  place	  of	  the	  RGD.	  These	  clones	  were	  designed	  to	  
mimic	  the	  mutations	  in	  VP2	  that	  occurred	  during	  the	  vaccine	  development	  of	  A/Iran/87.	  
Both	  viruses	  had	  SAR	  at	  VP2	  78-­‐80;	  however,	  one	  virus	  (virus	  8)	  had	  VP2	  130-­‐131	  EK	  and	  
the	  other	  (virus	  9)	  had	  KK.	  Therefore,	  these	  two	  clones	  have	  identical	  motifs	  at	  VP2	  78-­‐80	  
and	  130-­‐131	  as	  the	  A/Iran/87	  A+	  and	  A-­‐	  strains.	  Mutagenesis	  was	  performed	  as	  described	  
above	  using	  pO1K/ATur	  as	  the	  template.	  	  After	  mutagenesis	  sequencing	  of	  the	  capsid	  
encoding	  regions	  showed	  that	  the	  change	  had	  been	  made	  and	  that	  no	  other	  unwanted	  
mutations	  had	  been	  introduced.	  	  Synthetic	  vRNA	  was	  made	  from	  linearised	  clones	  8	  and	  9	  
and	  electroporated	  in	  to	  BHK-­‐21	  cells.	  	  Cells	  electroporated	  with	  synthetic	  vRNA	  made	  
from	  clone	  9	  showed	  evidence	  of	  CPE	  the	  day	  after	  transfection	  however	  CPE	  was	  more	  
difficult	  to	  determine	  in	  cells	  that	  were	  electroporated	  with	  synthetic	  vRNA	  made	  from	  
clone	  8.	  	  The	  resulting	  lysate	  was	  passaged	  on	  to	  BHK-­‐21	  cells.	  For	  virus	  8,	  (i.e.	  the	  variant	  
with	  VP2	  130-­‐131	  EK),	  CPE	  was	  seen	  at	  the	  second	  passage	  after	  electroporation	  while	  for	  
virus	  9,	  (which	  has	  VP2	  130-­‐131	  KK),	  CPE	  was	  not	  seen	  until	  the	  third	  passage.	  Sequencing	  
of	  the	  P1	  regions	  from	  virus	  8-­‐BHKp2	  and	  virus	  9-­‐BHKp3	  showed	  that	  the	  sequence	  of	  the	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P1	  region	  was	  conserved	  and	  that	  no	  unwanted	  mutations	  were	  introduced.	  Taken	  
together	  these	  results	  show	  that	  VP2	  78-­‐80	  SAR	  in	  conjunction	  with	  VP2	  130-­‐131	  EK	  or	  KK	  
allow	  a	  RGD	  to	  KGA	  variant	  of	  O1K/ATur	  to	  infect	  cells	  in	  an	  integrin-­‐independent	  manner.	  	  
	  
To	  summarise,	  the	  results	  show	  that	  if	  the	  RGD	  is	  changed	  to	  KGA	  in	  a	  virus	  with	  the	  
capsid	  of	  the	  A/Turkey/2/06	  field	  isolate	  infectivity	  is	  lost	  and	  that	  engineering	  SAR	  and	  
EK	  motifs	  at	  VP2	  78-­‐80	  and	  130/131	  (respectively)	  infectivity	  can	  be	  restored.	  However	  
when	  the	  SAR	  or	  EK	  are	  introduced	  individually	  (in	  the	  presence	  of	  KGA)	  infectious	  virus	  
could	  not	  be	  recovered.	  	  These	  observations	  provide	  further	  support	  to	  the	  hypothesis	  
that	  VP2	  80	  and	  VP2	  131	  are	  critical	  residues	  for	  infectivity	  in	  viruses	  that	  lack	  the	  ability	  
to	  use	  integrins	  as	  receptors.	  	  
	  
	  
Virus	  
No.	  
VP2	  78-­‐
80	  
VP2	  130-­‐
131	  
VP1	  109-­‐
110	  
VP1	  144-­‐
146	  
Viability	  
on	  BHK-­‐
21	  
8	   SAR	   EK	   KA	   KGA	   +	  
9	   SAR	   KK	   KA	   KGA	   +	  
	  
Table	  6.5	  showing	  the	  introduced	  mutations	  made	  in	  the	  backbone	  of	  pO1K/ATur	  and	  the	  viability	  of	  the	  rescued	  
viruses	  on	  BHK-­‐21	  cells.	  Mutations	  are	  shown	  in	  red.	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6.2.5	  SAR	  at	  VP2	  78-­‐80	  in	  conjunction	  with	  EK	  at	  VP2	  130-­‐131	  allows	  O1K/ATur	  to	  infect	  
cell	  lines	  not	  normally	  permissible	  to	  the	  A/Turkey/2/2006	  field-­‐isolate	  
The	  above	  results	  show	  that	  the	  introduction	  of	  SAR	  and	  EK	  (or	  KK)	  at	  VP2	  78-­‐80	  and	  130-­‐
131	  respectively	  allows	  for	  RGD-­‐independent	  infection	  of	  BHK-­‐21	  cells	  by	  O1K/ATur.	  Next	  
it	  was	  determined	  if	  the	  O1K/ATur	  variant	  with	  the	  SAR	  and	  EK/KK	  motifs	  and	  KGA	  in	  
place	  of	  the	  RGD	  had	  the	  same	  ability	  to	  infect	  CHO,	  and	  HS-­‐deficient	  (CHO-­‐677)	  and	  sialic	  
acid	  deficient	  (CHO-­‐lec2)	  cells	  as	  O1K/A-­‐.	  	  To	  examine	  this,	  different	  variants	  of	  O1K/ATurk	  
infectious	  cell	  lysate	  were	  plaque	  assayed	  on	  various	  cell	  lines.	  Three	  variants	  were	  
chosen;	  the	  wt	  	  O1K/ATurk	  infectious	  clone	  that	  had	  the	  capsid	  sequence	  of	  the	  field-­‐
strain	  (O1K/ATurk_FS),	  and	  two	  other	  variants	  that	  both	  had	  an	  RGD	  to	  KGA	  mutation	  in	  
conjunction	  with	  VP2	  78-­‐80	  SAR	  and	  either	  EK	  or	  KK	  at	  130-­‐131	  (O1K/ATurk_KGA_SAR_EK	  
and	  O1K/ATurk_KGA_SAR_KK,	  (see	  Table	  4.6).	  These	  viruses	  were	  plaque-­‐assayed	  on	  BHK-­‐
21	  cells,	  CHO	  cells	  (which	  lack	  functional	  FMDV	  integrin	  receptors),	  CHO-­‐677	  (which	  lack	  
the	  same	  integrins	  and	  HS),	  and	  CHO-­‐Lec2	  (which	  lack	  integrins	  and	  sialic	  acid).	  As	  
expected	  the	  O1K/ATurk_FI	  grew	  on	  BHK-­‐21	  cells	  but	  not	  on	  CHO,	  CHO-­‐677	  and	  CHO-­‐Lec2	  
cells.	  The	  O1K/ATurk	  viruses	  with	  KGA	  in	  place	  of	  the	  RGD,	  SAR	  at	  VP2	  78-­‐80	  and	  either	  EK	  
or	  KK	  at	  VP2	  130-­‐131	  had	  the	  same	  expanded	  cell	  tropism	  as	  O1K/A-­‐	  	  as	  	  they	  were	  
infectious	  for	  CHO	  cells.	  Furthermore,	  the	  O1K/ATurk_KGA_SAR_EK	  virus	  grew	  on	  CHO-­‐
677	  and	  CHO-­‐Lec2	  cells	  (Table	  6.6).	  This	  suggests	  that	  like	  O1K/A-­‐	  and	  the	  A-­‐	  virus	  the	  SAR	  
and	  EK	  (or	  KK)	  motifs	  enable	  O1K/ATurk	  to	  utilise	  a	  receptor	  that	  is	  neither	  integrin,	  
heparan-­‐sulphate,	  nor	  sialic-­‐acid.	  These	  results	  also	  confirm	  that	  the	  SAR	  and	  EK	  motifs	  
can	  be	  successfully	  transferred	  to	  another	  type	  A	  virus	  with	  the	  same	  outcome	  of	  an	  
expanded	  cell	  tropism.	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Virus	  
VP2	   VP1	  
BHK-­‐21	   CHO	   CHO-­‐677	   CHO-­‐Lec2	  
78-­‐80	   130-­‐131	   109-­‐110	   144-­‐146	  
O1K/Aturk_FS	   LEK	   KE	   KQ	   RGD	   3x10
7	   -­‐	   -­‐	   -­‐	  
O1K/Aturk_KGA_SAR_EK	   SAR	   EK	   KA	   KGA	   4.65x10
5	   1.4x105	   +	   +	  
O1K/Aturk_KGA_SAR_KK	   SAR	   KK	   KA	   KGA	   2.05x10
6	   1.5x106	   ND	   ND	  
Table	  6.6	  summarising	  the	  amino-­‐acid	  residues	  encoded	  for	  in	  two	  variants	  of	  a	  cDNA	  clone	  of	  O1K/ATur,	  and	  the	  
titre	  in	  various	  cell	  lines.	  Viral	  RNA	  was	  synthesized	  from	  linear	  cDNA	  transcripts	  and	  transfected	  in	  to	  BHK-­‐21	  cells.	  
The	  resulting	  lysate	  was	  passaged	  in	  BHK21	  cells	  up	  to	  four	  times.	  Infectious	  virus	  was	  recovered	  from	  both	  of	  these	  
transcripts.	  (+)	  	  virus	  grew	  but	  titre	  not	  determined,	  (-­‐)	  virus	  did	  not	  grow,	  ND	  –	  not	  done.	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6.3	  Summary	  and	  Discussion	  
The	  objective	  of	  this	  Chapter	  was	  to	  determine	  whether	  the	  SAR	  and	  EK	  motifs	  at	  VP2	  78-­‐
80	  and	  130/131	  of	  A/Iran/87	  A-­‐	  could	  be	  engineered	  in	  to	  another	  type	  A	  virus	  in	  
conjunction	  with	  mutations	  at	  the	  integrin	  binding	  RGD	  with	  retained	  infectivity.	  	  The	  
results	  show	  this	  was	  possible	  as	  the	  introduction	  of	  SAR	  with	  EK	  (or	  KK)	  into	  the	  capsid	  of	  
recombinant	  A/Turkey/2/2006	  virus	  with	  a	  defective	  RGD	  was	  sufficient	  to	  restore	  
infectivity.	  Importantly,	  both	  the	  SAR	  and	  EK/KK	  motifs	  were	  required	  to	  restore	  
infectivity	  as	  when	  introduced	  separately	  infectious	  virus	  could	  not	  be	  recovered.	  
Furthermore,	  the	  A/Turkey/2/2006-­‐derived	  virus	  that	  had	  the	  SAR	  and	  EK	  motifs	  was	  able	  
to	  infect	  the	  same	  cell	  types	  as	  the	  O1K/A-­‐	  and	  A-­‐	  viruses	  thereby	  confirming	  that	  only	  
these	  motifs	  were	  required.	  	  	  This	  is	  important	  because	  it	  demonstrates	  proof	  of	  concept	  
that	  these	  residues	  can	  be	  engineered	  in	  to	  other	  strains	  of	  FMDV	  and	  allow	  for	  infection	  
that	  is	  RGD	  and	  integrin-­‐independent.	  	  	  
	  
Cell-­‐culture	  adaptation	  is	  an	  important	  first	  step	  in	  the	  development	  of	  new	  vaccines,	  
however	  some	  field-­‐isolates	  do	  not	  readily	  adapt	  to	  cell-­‐culture.	  	  Type	  O	  FMDV	  readily	  
adapts	  to	  use	  HS	  as	  an	  alternative	  receptor	  when	  propagated	  in	  cell-­‐culture	  [39,	  360,	  
473].	  For	  type	  A	  viruses	  the	  mechanism	  of	  cell-­‐culture	  adaptation	  is	  less	  clear	  [355,	  356,	  
378].	  	  Berryman	  et	  al	  [377]	  demonstrated	  that	  chimeric	  viruses	  which	  contain	  the	  capsid	  
of	  A/Turkey/2/2006	  adapt	  to	  cell-­‐culture	  via	  the	  acquisition	  of	  lysine	  (K)	  at	  VP1	  110.	  	  This	  
in	  conjunction	  with	  the	  pre-­‐existing	  lysine	  (K)	  at	  VP1	  109	  creates	  a	  dense	  patch	  of	  positive	  
charge	  at	  the	  five-­‐fold	  axis	  of	  symmetry	  which	  allows	  it	  to	  use	  an	  unknown	  attachment	  
factor	  and	  infect	  CHO,	  CHO-­‐677	  and	  CHO-­‐Led2	  cells	  [377].	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VP1	  131	  is	  glutamic-­‐acid	  (E)	  in	  most	  field-­‐isolates	  of	  FMDV	  including	  A/Turkey/2/2006,	  
however	  a	  change	  of	  VP1	  131	  glutamic-­‐acid	  →	  lysine	  has	  been	  associated	  with	  cell-­‐
culture	  adaptation	  in	  A	  IND	  40/2000	  during	  serial	  passage	  in	  monolayer	  and	  suspension	  
BHK-­‐21	  cells	  [380].	  	  This	  mutation	  was	  stable	  through	  cell	  culture	  and	  it	  was	  proposed	  
that	  this	  change	  would	  result	  in	  a	  net	  gain	  of	  positive	  charge	  on	  the	  capsid	  surface	  and	  
the	  ability	  to	  interact	  with	  HS.	  	  VP2	  131	  is	  located	  near	  antigenic	  site	  2	  and	  forms	  part	  of	  
the	  HS-­‐binding	  pocket,	  however	  numerous	  other	  residues	  are	  associated	  with	  HS-­‐binding	  
[39,	  49-­‐51,	  473,	  474].	  	  When	  A	  IND	  40/2000	  was	  passaged	  through	  monolayer	  and	  
suspension	  BHK-­‐21	  cells	  numerous	  capsid	  changes	  were	  seen	  although	  VP2	  80	  glutamic-­‐
acid	  to	  lysine	  was	  the	  most	  common	  and	  stable	  as	  it	  occurred	  within	  the	  first	  5	  passages	  
of	  both	  suspension	  and	  monolayer	  lineage	  viruses	  and	  remained	  so	  in	  both	  lineages	  up	  to	  
BHK-­‐21	  passage	  20	  or	  30.	  	  There	  were,	  however,	  other	  surface	  exposed	  capsid	  changes	  
that	  were	  postulated	  to	  also	  play	  a	  role	  in	  cell-­‐culture	  adaptation	  of	  A	  IND	  40/2000.	  	  
Some	  of	  these	  additional	  changes	  were	  also	  located	  in	  the	  HS-­‐binding	  pocket	  however	  
the	  two	  most	  prominent	  additional	  changes	  were	  located	  at	  VP2	  79	  and	  129.	  	  In	  the	  
monolayer	  passaged	  lineage	  VP2	  79	  changed	  from	  glutamic	  acid	  (E)	  to	  alanine,	  a	  net	  loss	  
of	  negative	  charge.	  	  Surface	  changes	  on	  the	  VP2	  βB-­‐βC	  loop	  may	  affect	  the	  structural	  
disposition	  of	  the	  VP1	  βG-­‐βH	  loop	  as	  these	  two	  loops	  are	  juxtaposed	  [475,	  476],	  it	  is	  
therefore	  feasible	  that	  changes	  to	  VP2	  79	  may	  have	  knock-­‐on	  effects	  on	  the	  G-­‐H	  loop	  and	  
alter	  its	  conformational	  antigenic	  range.	  	  This	  is	  interesting	  as	  in	  A/Iran/87	  VP2	  79	  
changed	  from	  glutamic-­‐acid	  in	  the	  field-­‐isolate	  to	  alanine	  in	  the	  A+	  and	  A-­‐	  viruses,	  it	  may	  
therefore	  have	  caused	  a	  conformational	  change	  in	  the	  G-­‐H	  loop	  of	  the	  A+	  virus	  before	  the	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loop	  was	  finally	  lost.	  It	  is	  therefore	  feasible	  that	  VP2	  79	  glutamic-­‐acid	  to	  alanine	  in	  
O1K/ATur	  may	  also	  cause	  conformational	  changes	  in	  its	  G-­‐H	  loop.	  	  The	  other	  commonly	  
seen	  capsid	  change	  in	  A	  IND	  40/2000	  was	  located	  at	  VP2	  129	  in	  the	  suspension	  passage	  
lineage.	  This	  was	  also	  located	  in	  the	  HS-­‐binding	  pocket	  which	  changed	  from	  tryptophan	  to	  
arginine,	  a	  net	  gain	  of	  positive	  charge.	  	  	  
	  
One	  stark	  difference	  between	  the	  mutagenesis	  performed	  on	  O1K/A-­‐	  and	  O1K/ATur	  is	  that	  
when	  VP2	  78-­‐80	  was	  changed	  to	  LEK	  in	  O1K/A-­‐	  (and	  130-­‐131	  was	  EK)	  infectious	  virus	  
could	  be	  recovered	  although	  VP2	  79	  had	  changed	  to	  lysine.	  	  This	  observation	  was	  seen	  
again	  when	  LEK	  was	  changed	  to	  LER,	  as	  recovered	  virus	  was	  found	  to	  have	  LKR.	  	  This	  
suggested	  that	  glutamic-­‐acid	  at	  VP2	  79	  was	  detrimental	  to	  infectivity	  of	  O1K/A-­‐	  but	  the	  
change	  in	  electrostatic	  potential	  could	  be	  compensated	  for	  by	  glutamic-­‐acid	  changing	  to	  
lysine.	  	  It	  was	  therefore	  surprising	  that	  the	  same	  phenomenon	  was	  not	  observed	  in	  
mutant	  variants	  of	  O1K/ATur.	  	  Variants	  of	  O1K/ATur	  that	  contained	  VP2	  78-­‐80	  LEK,	  130-­‐
131	  EK	  or	  KK,	  VP1	  109-­‐110	  KA,	  and	  VP1	  144-­‐146	  KGA	  were	  not	  infectious	  and	  did	  not	  
produce	  CPE.	  	  	  It	  would	  be	  reasonable	  to	  expect	  that	  infectious	  virus	  could	  be	  recovered	  
from	  variants	  containing	  these	  capsid	  changes	  but	  with	  further	  changes	  seen	  in	  recovered	  
RNA	  i.e.	  VP2	  79	  would	  be	  expected	  to	  change	  from	  glutamic-­‐acid	  to	  lysine	  during	  cell-­‐
passage	  as	  occurred	  with	  O1K/A-­‐_LEK	  or	  O1K/A-­‐_LER.	  	  This	  did	  not	  happen	  with	  O1K/ATur	  
which	  indicates	  that	  the	  presence	  of	  the	  G-­‐H	  loop	  may	  interfere	  with	  or	  occlude	  key	  
residues	  associated	  novel	  cell-­‐attachment	  when	  VP2	  78-­‐80	  is	  LEK.	  	  As	  mentioned	  
previously	  VP2	  78-­‐80	  are	  on	  βB-­‐βC	  loop	  and	  may	  affect	  the	  structural	  disposition	  of	  the	  
VP1	  βG-­‐βH	  loop	  [475,	  476].	  	  VP2	  LEK	  may	  induce	  a	  conformation	  change	  of	  the	  G-­‐H	  loop	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that	  causes	  it	  to	  occlude	  a	  novel	  cell-­‐attachment	  motif	  on	  the	  surface	  of	  VP2.	  	  This	  
phenomenon	  would	  not	  occur	  in	  O1K/A-­‐	  as	  the	  G-­‐H	  loop	  is	  partially	  missing.	  	  
	  
In	  chapter	  5	  it	  was	  proposed	  that	  the	  loss	  of	  the	  VP1	  G-­‐H	  loop	  from	  the	  A+	  to	  the	  A-­‐	  
viruses	  could	  have	  benefits	  for	  infectivity	  as	  in	  the	  down	  conformation	  this	  loop	  occludes	  
VP2	  78-­‐80	  and	  130-­‐131.	  	  Therefore	  the	  loss	  of	  the	  G-­‐H	  loop	  would	  be	  expected	  to	  benefit	  
the	  virus	  as	  it	  would	  leave	  the	  SAR	  and	  EK	  motifs	  permanently	  exposed.	  	  Although	  it	  
remains	  possible	  that	  the	  G-­‐H	  loop	  interferes	  with	  the	  SAR	  and	  EK	  motifs	  the	  results	  with	  
the	  recombinant	  A/Turkey/2/2002	  virus	  shows	  that	  these	  motifs	  confer	  infectivity	  in	  the	  
presence	  of	  a	  full-­‐length	  loop.	  	  Therefore	  it	  appears	  that	  the	  presence	  of	  the	  G-­‐H	  loop	  
does	  not	  have	  a	  derogatory	  effect	  on	  the	  growth	  of	  the	  O1K/ATur	  mutant	  viruses	  when	  
VP2	  78-­‐80	  is	  SAR	  and	  VP2	  130-­‐131	  is	  EK	  or	  KK.	  	  It	  would	  be	  interesting	  to	  investigate	  the	  
effect	  on	  cell	  tropism	  and	  growth	  kinetics	  in	  a	  genetically	  modified	  variant	  of	  O1K/ATur	  
that	  has	  the	  corresponding	  amino-­‐acid	  residues	  deleted	  from	  the	  G-­‐H	  loop	  as	  seen	  in	  
A/Iran/87	  A-­‐.	  	  
	  
It	  is	  unclear	  which	  receptor	  O1K/Atur_SAR_EK_KA_KGA	  is	  using	  but	  it	  is	  possible	  this	  virus	  
may	  be	  promiscuous	  in	  its	  receptor	  usage.	  	  Like	  O1K/A-­‐,	  the	  capsid	  of	  
O1K/Atur_SAR_EK_KA_KGA	  likely	  binds	  to	  cells	  using	  a	  novel	  attachment	  receptor	  and	  the	  
residues	  at	  VP2	  80	  and	  131	  are	  critical	  for	  this	  interaction.	  	  It	  is	  clear	  that	  these	  viruses	  do	  
not	  require	  integrins	  for	  entry	  as	  although	  it	  infects	  BHK-­‐21	  cells	  they	  also	  infect	  CHO	  
(lack	  integrins),	  CHO-­‐677	  (lack	  HS),	  and	  CHO-­‐Lec2	  (lack	  sialic-­‐acid).	  	  The	  receptor	  may	  be	  a	  
ligand	  that	  is	  not	  integrin,	  HS,	  nor	  sialic-­‐acid,	  or	  it	  may	  be	  this	  virus	  can	  use	  a	  variety	  of	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negatively	  charged	  cell-­‐surface	  GAG’s.	  	  It	  would	  be	  interesting	  to	  determine	  what	  
receptor	  this	  virus	  was	  using	  as	  it	  is	  likely	  to	  be	  the	  same	  receptor(s)	  as	  A/Iran/87	  A-­‐.	  	  
	  
In	  summary,	  this	  Chapter	  has	  provided	  compelling	  evidence	  that	  VP2	  78-­‐80	  SAR	  and	  130-­‐
131	  EK	  are	  capable	  of	  allowing	  infectivity	  mediated	  by	  a	  novel	  cell-­‐attachment	  receptor.	  	  
It	  is	  likely	  that	  the	  SAR	  and	  EK	  motif	  form	  a	  patch	  of	  positive	  charge	  on	  the	  capsid	  of	  
O1K/ATur	  in	  a	  similar	  manner	  to	  O1K/A-­‐,	  allowing	  O1K/ATur	  to	  interact	  with	  the	  same	  
receptors	  as	  O1K/A-­‐.	  	  This	  Chapter	  provides	  an	  important	  proof	  of	  concept	  that	  the	  SAR	  
and	  EK	  motifs	  can	  be	  transferred	  to	  a	  virus	  different	  to	  A/Iran/87	  A-­‐	  and	  confer	  cell-­‐
culture	  adaptation.	  	  This	  work	  may	  enable	  rational	  design	  of	  FMDV	  vaccines	  as	  these	  
motifs	  may	  be	  engineered	  into	  field-­‐isolates	  of	  FMDV	  thus	  allowing	  for	  rapid	  adaptation	  
to	  cell-­‐culture	  which	  is	  an	  important	  first	  step	  of	  the	  vaccine	  design	  process.	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Chapter	  Seven:	  Comparison	  of	  the	  cell-­‐entry	  kinetics	  of	  FMDV	  O1Kcad2,	  
O1K/A-­‐,	  and	  O1KB64-­‐KGA	  
7.1	  Introduction	  
It	  is	  established	  that	  field	  isolates	  of	  FMDV	  such	  as	  O1Kcad2	  attach	  to	  cells	  via	  integrins	  
and	  are	  internalised	  by	  clathrin	  mediated	  endocytosis	  into	  acidic	  early	  endosomes	  where	  
the	  low	  pH	  causes	  dissociation	  of	  the	  virus	  capsid	  and	  translocation	  of	  the	  RNA	  genome	  
to	  the	  cytosol	  [129,	  130,	  230,	  291,	  337,	  477,	  478].	  	  Entry	  by	  clathrin-­‐mediated	  endocytosis	  
is	  a	  rapid	  process,	  with	  virions	  reaching	  acidic	  endosomes	  as	  early	  as	  5	  minutes	  post-­‐
internalisation.	  	  In	  comparison,	  little	  is	  known	  about	  the	  entry	  kinetics	  of	  cell-­‐culture	  
adapted	  variants	  of	  FMDV.	  	  
	  
Previous	  research	  has	  suggested	  that	  the	  receptor	  used	  by	  cell-­‐culture	  adapted	  FMDV	  
determines	  its	  endocytosis	  mechanism.	  	  	  O’Donnell	  et	  al	  [362]	  investigated	  the	  entry	  
mechanism	  of	  a	  cell-­‐culture	  adapted	  type	  O	  FMDV	  (O1Campos)	  in	  MCF-­‐10A	  and	  COS-­‐1	  
cells.	  This	  virus	  was	  shown	  to	  bind	  HS	  and	  had	  an	  engineered	  RGD	  to	  KGE	  mutation	  in	  the	  
VP1	  G-­‐H	  loop	  making	  it	  an	  exclusive	  HS	  binder	  (O1C3056R-­‐KGE).	  	  They	  also	  investigated	  
the	  entry	  mechanism	  of	  another	  variant	  that	  could	  bind	  HS	  but	  contained	  the	  wt	  RGD	  
(O1C3056R)	  and	  could	  use	  both	  integrins	  and	  HS	  as	  receptors.	  	  Internalisation	  
experiments	  were	  performed	  with	  these	  viruses,	  and	  with	  the	  parental	  field	  virus	  
(O1Campos)	  where	  it	  was	  shown	  that	  viruses	  that	  use	  integrins	  or	  HS	  as	  receptors	  enter	  
cells	  via	  different	  mechanisms.	  	  The	  protocol	  consisted	  of	  binding	  virus	  to	  MCF-­‐10A	  cells	  
in	  the	  cold	  before	  shifting	  the	  temperature	  to	  37°C	  to	  allow	  internalisation	  to	  occur.	  	  The	  
integrin-­‐binding	  field-­‐isolate	  (O1Campos)	  was	  internalised	  rapidly	  and	  co-­‐localised	  with	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clathrin	  soon	  after	  entry.	  	  It	  also	  trafficked	  to	  early	  endosomes	  and	  then	  onto	  recycling	  
endosomes,	  observations	  that	  are	  consistent	  with	  earlier	  studies	  [336,	  337].	  	  In	  contrast,	  
HS-­‐binding	  FMDV	  (O1C3056R-­‐KGE)	  was	  shown	  to	  have	  a	  slower	  uptake	  mechanism	  than	  
field-­‐isolate	  virus	  	  [336,	  337]	  and	  co-­‐localised	  with	  caveolin-­‐1	  (a	  marker	  of	  caveolae)	  but	  
not	  with	  clathrin.	  	  Infection	  by	  O1C3056R-­‐KGE	  was	  also	  significantly	  reduced	  in	  MCF-­‐10A	  
cells	  when	  caveolin-­‐1	  was	  knocked	  down	  with	  siRNA.	  	  Together,	  this	  indicated	  that	  
O1C3056R-­‐KGE	  was	  not	  using	  the	  same	  endocytosis	  mechanism	  as	  O1Campos,	  and	  that	  
caveolin-­‐1	  was	  important	  for	  infection	  of	  MCF-­‐10A	  cells	  by	  O1C3056R-­‐KGE.	  	  	  
	  
These	  authors	  also	  used	  fluorescently	  labelled	  ligands	  and	  antibodies	  to	  further	  
investigate	  the	  entry	  of	  the	  above	  viruses.	  	  They	  used	  COS-­‐1	  cells	  expressing	  avb6	  as	  
antibodies	  to	  EEA-­‐1	  (a	  marker	  of	  early	  endosomes)	  do	  not	  appear	  to	  react	  with	  MCF-­‐10A	  
cells.	  	  Their	  findings	  were	  that	  O1Campos	  rapidly	  trafficked	  to	  acidic	  endosomes	  as	  virus	  
co-­‐localisation	  with	  EEA-­‐1	  and	  the	  transferrin	  receptor	  (TfnR,	  which	  traffics	  through	  early	  
and	  recycling	  endosomes)	  was	  observed	  at	  5	  minutes	  post-­‐entry.	  	  In	  comparison,	  
O1C3056R-­‐KGE	  showed	  only	  partial	  co-­‐localisation	  with	  EEA-­‐1	  at	  1	  h	  post-­‐entry	  and	  many	  
of	  the	  infected	  cells	  showed	  no	  co-­‐localisation.	  Furthermore,	  there	  was	  only	  limited	  co-­‐
localisation	  of	  O1C3056R-­‐KGE	  with	  TfnR	  after	  30	  minutes,	  but	  extensive	  co-­‐localisation	  
was	  seen	  after	  2	  hours.	  	  This	  suggests	  that	  the	  O1C3056R-­‐KGE	  virus	  has	  entry	  kinetics	  
much	  slower	  than	  O1Campos.	  	  Due	  to	  the	  slow	  uptake	  kinetics,	  and	  dependence	  on	  
caveolin-­‐1,	  it	  was	  postulated	  that	  this	  virus	  was	  using	  caveolae	  mediated	  endocytosis	  to	  
enter	  cells.	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Although	  caveolae	  mediated	  endocytosis	  is	  still	  poorly	  understood,	  it	  is	  known	  that	  
ligands	  internalised	  through	  this	  mechanism	  are	  able	  to	  traffic	  to	  acidic	  endosomes.	  This	  
might	  explain	  infection	  by	  cell-­‐culture	  FMDV	  as	  caveolae	  have	  a	  neutral	  pH	  and	  would	  not	  
trigger	  capsid	  uncoating	  and	  infection.	  	  Caveolin-­‐1	  and	  lipid-­‐raft	  mediated	  internalisation	  
mechanisms	  have	  been	  implicated	  in	  the	  entry	  of	  a	  range	  of	  viruses	  including	  simian	  virus	  
40	  [253,	  479],	  enterovirus	  71	  [263],	  and	  West	  Nile	  virus	  [480].	  	  Little	  is	  known	  about	  how	  
ligands	  and	  viruses	  traffic	  from	  caveolae	  to	  acidic	  endosomes	  however	  trafficking	  is	  
believed	  to	  be	  slow	  [323].	  	  
	  
This	  chapter	  describes	  the	  investigation	  of	  endocytosis	  mechanism	  and	  entry	  kinetics	  of	  
the	  virus	  derived	  from	  pO1K/A-­‐.	  	  Two	  other	  viruses	  were	  included	  which	  use	  different	  
receptors	  and	  entry	  mechanisms.	  	  One	  is	  a	  modified	  version	  of	  O1Kcad2	  (i.e.	  the	  virus	  
derived	  from	  pT7S3)	  and	  has	  a	  RGD	  to	  KGA	  mutation	  in	  the	  VP1	  G-­‐H	  loop	  which	  renders	  it	  
unable	  to	  use	  integrins	  as	  receptors.	  	  It	  does	  however	  have	  the	  residues	  associated	  with	  
heparan-­‐sulphate	  (HS)	  binding	  meaning	  that	  this	  virus	  is	  an	  exclusive	  heparan	  sulphate	  
binder.	  This	  virus	  is	  therefore	  similar	  to	  the	  O1C3056R-­‐KGE	  virus	  used	  by	  O’Donnell	  and	  
colleagues	  and	  is	  likely	  to	  use	  caveolae	  for	  entry.	  By	  using	  an	  exclusive	  HS	  binding	  virus,	  it	  
may	  be	  possible	  to	  further	  understand	  the	  kinetics	  of	  entry	  by	  caveolae	  and	  the	  
trafficking	  of	  pH	  neutral	  caveolae	  to	  acidic	  endosomes.	  	  The	  construction	  and	  
characterisation	  of	  this	  virus	  is	  described	  in	  the	  first	  results	  section	  of	  this	  Chapter	  and	  it	  
is	  referred	  to	  in	  the	  text	  as	  O1K-­‐KGA.	  The	  other	  virus	  is	  O1Kcad2	  (referred	  to	  in	  text	  as	  
O1K-­‐WT).	  	  This	  virus	  has	  an	  intact	  RGD,	  lacks	  the	  HS-­‐binding	  residues,	  and	  therefore	  
provides	  a	  wild-­‐type	  reference	  which	  can	  be	  compared	  to	  the	  other	  two	  cell-­‐culture	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adapted	  viruses.	  	  
	  
The	  assay	  to	  quantify	  infection	  used	  in	  this	  chapter	  is	  based	  on	  an	  assay	  developed	  by	  
Berryman	  et	  al	  [481]	  and	  is	  described	  in	  methods	  2.7.1.	  	  This	  assay	  was	  used	  in	  
combination	  with	  pharmalogical	  inhibitors	  of	  endocytosis	  to	  investigate	  their	  effect	  on	  
the	  uptake	  kinetics	  using	  IBRS2	  and	  CHO	  cells.	  	  	  
	  
In	  order	  to	  investigate	  the	  rate	  of	  delivery	  of	  virus	  to	  acidic	  endosomes,	  ammonium	  
chloride	  (NH4Cl)	  was	  used.	  	  Ammonium	  chloride	  neutralises	  acidic	  endosomes,	  thereby	  
preventing	  internalised	  virus	  from	  undergoing	  pH	  dependent	  conformational	  changes,	  
which	  in	  the	  case	  of	  FMDV	  consists	  of	  dissociation	  of	  the	  capsid	  and	  translocation	  of	  the	  
genome	  to	  the	  cytosol.	  Thus,	  only	  virus	  that	  has	  already	  reached	  an	  acidic	  endosome	  
prior	  to	  NH4Cl	  addition	  will	  result	  in	  productive	  infection.	  It	  has	  already	  been	  established	  
that	  FMDV	  infection	  is	  inhibited	  when	  cells	  are	  incubated	  with	  25mM	  ammonium	  
chloride	  prior	  to	  infection	  [338,	  339,	  350].	  Ammonium	  chloride	  has	  also	  been	  shown	  to	  
inhibit	  infection	  of	  other	  acid-­‐activated	  viruses	  such	  as	  vesicular	  stomatitis	  virus	  (VSV)	  
[482]	  and	  west	  nile	  virus	  (WNV)	  [483].	  	  Ammonium	  chloride	  can	  therefore	  help	  determine	  
the	  time	  required	  for	  trafficking	  of	  internalised	  virus	  to	  acidic	  endosomes.	  	  
	  
Another	  reagent	  used	  in	  this	  study	  was	  methyl-­‐β-­‐cyclodextrin	  (MβCD).	  	  MβCD	  is	  a	  cyclic	  
oligosaccharide	  that	  selectively	  extracts	  cholesterol	  from	  the	  plasma	  membrane,	  [484-­‐
486].	  This	  perturbs	  endocytosis	  mechanisms	  that	  are	  dependent	  on	  plasma-­‐membrane	  
cholesterol	  such	  as	  caveolae-­‐mediated	  endocytosis	  and	  lipid-­‐raft	  dependent	  endocytosis.	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The	  published	  literature	  on	  the	  effects	  of	  MβCD	  on	  FMDV	  infection	  does	  however	  show	  
inconsistent	  findings.	  Berryman	  et	  al	  [481]	  found	  that	  pre-­‐treatment	  of	  SW480-­‐β6	  cells	  
with	  7.5mM	  or	  5mM	  MβCD	  had	  no	  effect	  on	  the	  entry	  or	  infection	  by	  a	  field-­‐isolate	  
O1Kcad2.	  	  In	  comparison,	  Martín-­‐Acebes	  et	  al	  [350]	  reported	  that	  pre-­‐treatment	  of	  BHK-­‐
21	  or	  IBRS2	  cells	  with	  10mM	  MβCD	  inhibited	  infection	  by	  FMDV	  C-­‐S8c1	  by	  approximately	  
63%	  and	  40%	  respectively.	  	  	  Although	  these	  findings	  appear	  to	  contradict	  one	  another,	  
high	  concentrations	  of	  MβCD	  have	  been	  shown	  to	  inhibit	  clathrin-­‐mediated	  endocytosis	  
which	  could	  account	  for	  the	  inhibitory	  effect	  observed	  by	  Martín-­‐Acebes.	  	  Furthermore,	  
the	  different	  effects	  of	  MβCD	  in	  the	  two	  different	  studies	  may	  come	  from	  different	  cell	  
lines	  being	  used.	  	  MβCD	  has	  also	  been	  shown	  to	  inhibit	  infection	  of	  other	  viruses	  that	  are	  
dependent	  on	  lipid-­‐raft	  enriched	  microdomains	  including	  respiratory	  syncytial	  virus	  
(RSV)[487],	  BK	  virus	  (BKV)	  [488],	  and	  simian	  virus	  40	  (SV40)	  [489].	  	  It	  is	  therefore	  
established	  that	  MβCD	  removes	  plasma	  membrane	  cholesterol	  and	  disrupts	  cholesterol-­‐
dependent	  endocytosis	  mechanisms,	  thus	  inhibiting	  infection	  by	  viruses	  that	  rely	  on	  
these	  mechanisms	  for	  entry.	  	  
	  
7.2	  Results	  
7.2.1	  Characterising	  the	  O1K-­‐KGA	  mutant	  
When	  synthetic	  RNA	  made	  from	  a	  mutated	  cDNA	  infectious	  copy	  of	  O1K-­‐KGA	  was	  
transfected	  in	  to	  BHK-­‐21	  cells	  infectious	  virus	  was	  successfully	  rescued.	  CPE	  was	  apparent	  
after	  the	  second	  passage	  in	  BHK	  cells	  and	  sequencing	  of	  recovered	  virus	  at	  BHK-­‐21	  
passage	  4	  showed	  that	  the	  KGA	  mutation	  was	  stable	  (see	  Figure	  7.1).	  This	  indicates	  that	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despite	  having	  a	  non-­‐functional	  RGD	  (and	  therefore	  unable	  to	  use	  integrins)	  this	  virus	  is	  
still	  infectious,	  and	  that	  the	  HS-­‐binding	  residues	  are	  sufficient	  to	  confer	  infectivity	  unto	  
this	  virus.	  
	  
CPE	  (with	  BHK-­‐21	  cells)	  occurred	  at	  slightly	  later	  time-­‐points	  (16h)	  post-­‐infection	  with	  the	  
O1K-­‐KGA	  virus	  (8-­‐10)	  than	  with	  O1K/A-­‐	  which	  could	  indicate	  slower	  entry	  kinetics.	  Another	  
feature	  of	  the	  O1K-­‐KGA	  virus	  is	  that	  it	  produced	  small	  plaques	  in	  IBRS2	  and	  CHO	  cells	  
compared	  to	  field-­‐isolates	  of	  FMDV	  which	  normally	  produce	  large	  plaques	  on	  IBRS2	  cells.	  
These	  observations	  are	  in	  agreement	  with	  previous	  observations	  that	  HS-­‐binding	  variants	  
of	  FMDV	  produce	  smaller	  plaques.	  	  
	  
Further	  investigation	  was	  needed	  however	  to	  confirm	  that	  this	  virus	  was	  exclusively	  using	  
HS	  as	  a	  receptor.	  To	  investigate	  the	  tropism	  of	  the	  O1K-­‐KGA	  virus,	  and	  to	  confirm	  that	  it	  
could	  infect	  HS-­‐positive	  cells,	  this	  virus	  was	  used	  to	  infect	  a	  number	  of	  different	  cell	  lines.	  
Although	  O1K-­‐KGA	  lacks	  the	  RGD	  and	  is	  unable	  to	  bind	  to	  integrins,	  it	  is	  able	  to	  bind	  HS	  
and	  would	  be	  expected	  to	  infect	  cell	  lines	  that	  express	  HS.	  	  Infectious	  cell	  lysate	  
containing	  O1K-­‐KGA	  from	  BHK-­‐21	  passage	  4	  was	  assayed	  on,	  IBRS2,	  CHO,	  and	  CHO-­‐677	  
(which	  lack	  HS)	  cells.	  	  IBRS2	  cells	  express	  αvβ8	  and	  are	  susceptible	  to	  infection	  by	  field-­‐
isolates	  of	  FMDV,	  however	  they	  also	  express	  HS	  and	  are	  therefore	  also	  susceptible	  to	  
infection	  from	  cell-­‐culture	  adapted	  variants.	  	  CHO	  cells	  lack	  the	  known	  integrins	  
associated	  with	  FMDV	  infection,	  but	  do	  express	  HS	  meaning	  they	  are	  only	  susceptible	  to	  
cell-­‐culture	  adapted	  variants	  of	  FMDV.	  CHO-­‐677	  cells	  lack	  integrins	  and	  HS,	  and	  are	  
therefore	  not	  typically	  susceptible	  to	  infection	  from	  field-­‐isolates	  and	  most	  cell-­‐culture	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adapted	  strains	  of	  FMDV	  that	  use	  HS	  receptors.	  	  Plaque	  assays	  showed	  that	  the	  KGA	  virus	  
was	  infectious	  for	  BHK-­‐21,	  IBRS2	  and	  CHO	  cells	  but	  not	  for	  CHO-­‐677	  cells	  (Table	  7.1).	  	  This	  
confirms	  that	  HS	  is	  a	  necessary	  receptor	  for	  this	  virus	  to	  be	  infectious	  as	  CHO-­‐677	  were	  
not	  susceptible	  to	  infection.	  	  The	  above	  results	  show	  that	  mutating	  the	  RGD	  to	  KGA	  does	  
not	  prevent	  infection,	  so	  long	  as	  the	  HS-­‐binding	  residues	  are	  present.	  This	  provides	  
evidence	  that	  for	  O1K-­‐KGA	  integrin-­‐binding	  is	  not	  necessary	  for	  infection.	  	  
	  
The	  VP1	  G-­‐H	  loop	  (residues	  140-­‐160)	  of	  FMDV	  is	  very	  immunogenic	  and	  neutralising	  
antibodies	  to	  this	  site	  (antigenic	  site-­‐1)	  are	  commonly	  produced	  in	  vivo	  [490,	  491].	  	  It	  is	  
therefore	  feasible	  that	  changing	  the	  RGD	  to	  KGA	  could	  make	  the	  O1K-­‐KGA	  virus	  resistant	  
to	  binding	  by	  site	  1	  antibodies.	  	  To	  investigate	  this	  IBRS2	  cells	  were	  infected	  with	  O1K-­‐KGA	  
and	  infection	  allowed	  to	  progress	  for	  four	  hours.	  	  The	  cells	  were	  then	  fixed	  and	  processed	  
for	  confocal	  microscopy	  according	  to	  method	  2.11.1.	  	  Virus	  infected	  cells	  were	  either	  
labelled	  with	  D9,	  a	  monoclonal	  antibody	  (MAb)	  that	  recognises	  antigenic	  site-­‐1	  and	  binds	  
to	  the	  apex	  of	  the	  G-­‐H	  loop,	  or	  IB11,	  a	  MAb	  that	  binds	  at	  	  an	  unknown	  location	  on	  the	  
capsid.	  	  Cells	  infected	  with	  the	  O1K-­‐KGA	  virus	  labelled	  positive	  for	  virus	  capsid	  when	  using	  
MAb	  IB11	  (Figure	  7.2,	  panel	  A),	  as	  indicated	  by	  the	  uniform	  red	  labelling	  throughout	  the	  
cytoplasm	  of	  many	  of	  the	  cells.	  	  In	  comparison,	  cells	  infected	  with	  O1K-­‐KGA	  and	  labelled	  
using	  MAb	  D9	  showed	  no	  immunofluorescence	  (Figure	  7.2,	  panel	  B).	  	  The	  lack	  of	  signal	  
shows	  that	  MAb	  D9	  is	  no	  longer	  able	  to	  bind	  to	  antigenic	  site-­‐1	  when	  the	  RGD	  is	  mutated	  
to	  KGA.	  	  To	  ensure	  that	  the	  lack	  of	  D9	  binding	  was	  due	  to	  changes	  in	  the	  RGD	  a	  positive	  
control	  was	  performed.	  	  IBRS2	  cells	  were	  infected	  with	  O1Kcad2	  (O1K-­‐WT),	  which	  is	  
derived	  from	  a	  field-­‐isolate.	  	  The	  infection	  was	  performed	  under	  the	  same	  conditions	  as	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for	  the	  O1K-­‐KGA	  virus	  and	  the	  cells	  were	  labelled	  using	  either	  MAb	  IB11	  or	  D9.	  This	  
showed	  similar	  labelling	  for	  each	  MAb	  (Figure	  7.2,	  panel	  C),	  (Figure	  7.2,	  panel	  D),	  
confirming	  that	  the	  MAb	  D9	  was	  functional	  and	  the	  lack	  of	  binding	  seen	  for	  O1K-­‐KGA	  
resulted	  from	  the	  RGD	  to	  KGA	  modifications.	  	  	  
Taken	  together,	  the	  above	  data	  shows	  that	  a	  genetically	  altered	  variant	  of	  O1Kaufbeuren	  
with	  a	  RGD-­‐KGA	  mutation	  is	  viable.	  Despite	  lacking	  a	  functional	  RGD,	  this	  virus	  has	  the	  
HS-­‐binding	  residues	  and	  is	  capable	  of	  infecting	  cells	  devoid	  of	  FMDV-­‐integrins.	  	  As	  this	  
virus	  cannot	  infect	  cells	  devoid	  of	  HS	  (CHO-­‐677)	  this	  suggests	  that	  this	  virus	  is	  exclusively	  
using	  HS	  receptors.	  This	  virus	  will	  provide	  a	  useful	  tool	  to	  investigate	  the	  cell	  entry	  
kinetics	  of	  HS-­‐binding	  viruses,	  and	  may	  help	  to	  elucidate	  the	  endocytic	  trafficking	  
pathway	  of	  viruses	  that	  use	  caveolae-­‐mediated	  endocytosis.	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Figure	  7.1.	  Sequence	  data	  and	  chromatograph	  from	  O1K-­‐KGA	  recovered	  vRNA.	  Site	  directed	  mutagenesis	  was	  used	  to	  
change	  the	  integrin	  binding	  RGD	  located	  at	  VP1	  144-­‐146	  to	  KGA.	  	  (A)	  The	  template	  cDNA	  sequence	  from	  which	  
synthetic	  RNA	  was	  made	  (pT7S3),	  	  the	  mutated	  template	  plasmid	  (O1K-­‐KGA	  cDNA),	  and	  the	  genome	  of	  virus	  
recovered	  at	  BHKp4	  (O1K-­‐KGA	  BHKp4)	  was	  sequenced	  and	  the	  KGA	  was	  found	  to	  be	  stable.	  (B)	  and	  (C)	  show	  the	  
chromatograph	  traces	  from	  the	  O1K-­‐KGA	  cDNA	  and	  O1K-­‐KGA	  BHKp4	  are	  shown	  and	  show	  no	  indication	  of	  a	  mutant	  
sub-­‐population.	  	  
	  	  
Cells	   Integrin*	   HS	   Infection?	  
BHK	   +	   +	   +	  
IBRS2	   +	   +	   +	  
CHO	   -­‐	   +	   +	  
CHO-­‐677	   -­‐	   -­‐	   -­‐	  
Table	  7.1.	  O1K-­‐KGA	  infectivity	  on	  different	  cell	  types.	  	  O1K-­‐KGA	  virus	  was	  assayed	  on	  four	  different	  cell	  types	  each	  
containing	  different	  combinations	  of	  integrins	  and	  heparan-­‐sulphate	  (HS).	  	  O1K-­‐KGA	  was	  only	  able	  to	  infect	  cells	  if	  HS	  
was	  present,	  even	  if	  integrins	  were	  present.	  Additionally,	  O1K-­‐KGA	  was	  able	  to	  infect	  HS-­‐positive	  cells	  even	  in	  the	  
absence	  of	  integrins.	  (N.B.	  CHO	  express	  integrins,	  but	  not	  sub-­‐types	  associated	  with	  FMDV	  infection).	  	  
*Integrins	  utilised	  for	  infection	  by	  FMDV.	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7.2.2	  Comparison	  of	  the	  entry	  kinetics	  between	  FMDV	  O1K-­‐KGA	  and	  A/Iran/87	  A-­‐	  
(O1K/A-­‐)	  
7.2.2.1	  Investigating	  the	  rate	  of	  delivery	  of	  virus	  to	  acidic	  endosomes	  in	  IBRS2	  cells	  
Field-­‐isolates	  of	  FMDV	  are	  known	  to	  traffic	  to	  acidic	  endosomes	  very	  rapidly	  after	  
internalisation.	  	  However,	  the	  endocytic	  pathways	  of	  HS-­‐binding	  viruses	  are	  poorly	  
understood	  and	  the	  endocytosis	  mechanism	  of	  A/Iran/87	  A-­‐	  is	  completely	  unknown.	  In	  
order	  to	  better	  understand	  the	  entry	  kinetics	  of	  the	  O1K/A-­‐	  and	  the	  O1K-­‐KGA	  viruses,	  and	  
to	  deduce	  their	  rate	  of	  delivery	  to	  acidic	  endosomes	  ammonium	  chloride	  (NH4Cl)	  was	  
used	  to	  raise	  endosomal	  pH.	  	  Briefly,	  IBRS2	  cells	  in	  a	  96	  well	  plate	  were	  infected	  at	  an	  moi	  
of	  approximately	  0.3	  for	  a	  total	  time	  of	  4	  hours.	  	  Ammonium	  chloride	  was	  added	  at	  
various	  times	  during	  infection	  at	  a	  final	  concentration	  of	  150mM.	  	  Ammonium	  chloride	  
prevents	  acidification	  of	  endosomes,	  therefore	  only	  virus	  that	  has	  already	  reached	  an	  
acidic	  endosome	  prior	  to	  ammonium	  chloride	  addition	  will	  cause	  a	  productive	  infection.	  	  
Three	  viruses	  were	  used	  in	  this	  assay,	  O1K/A-­‐,	  O1K-­‐KGA,	  and	  for	  a	  positive	  control	  a	  field-­‐
strain	  was	  used	  –	  O1Kcad2	  (O1K-­‐WT).	  	  O1K-­‐WT	  has	  an	  intact	  RGD	  and	  lacks	  the	  HS	  binding	  
residues,	  it	  can	  therefore	  only	  bind	  to	  integrins	  and	  is	  internalised	  rapidly	  via	  clathrin-­‐
mediated	  endocytosis.	  	  Ammonium	  chloride	  was	  added	  either	  15	  minutes	  prior	  to	  virus	  
addition,	  at	  the	  same	  time	  as	  virus	  addition,	  or	  at	  5,	  10,	  15,	  30,	  60	  or	  120	  minutes	  after	  
virus	  addition.	  The	  cells	  were	  then	  fixed	  with	  4%	  PFM	  and	  labelled	  according	  to	  methods	  
2.7.1.	  	  Infected	  cells	  turn	  dark	  blue	  and	  are	  counted	  using	  an	  automatic	  plate	  counter.	  
The	  data	  from	  ammonium	  chloride	  wells	  was	  normalised	  to	  a	  control	  infection	  which	  
contained	  no	  NH4Cl	  which	  was	  taken	  as	  a	  100%	  infection.	  	  The	  data	  is	  presented	  on	  Figure	  
7.3	  where	  it	  is	  clearly	  evident	  there	  are	  differences	  in	  rate	  of	  virus	  delivery	  to	  acidic	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endosomes.	  	  
	  
Three	  replicate	  experiments	  are	  shown	  using	  IRBR2	  cells	  in	  panels	  A,	  B,	  and	  C	  (Figure	  7.3).	  
When	  ammonium	  chloride	  (NH4Cl)	  was	  added	  up	  to	  10	  minutes	  post-­‐infection	  the	  data	  
indicated	  that	  the	  O1K-­‐WT	  and	  O1K/A-­‐	  viruses	  were	  reaching	  acidic	  endosomes	  at	  a	  faster	  
rate	  than	  the	  O1K-­‐KGA	  virus.	  	  Panels	  A,	  B	  and	  C	  show	  a	  slow	  gradual	  increase	  in	  infection	  
of	  each	  virus	  however	  this	  increase	  is	  more	  noticeable	  for	  the	  O1K-­‐WT	  and	  O1K-­‐A-­‐	  viruses.	  
When	  NH4Cl	  was	  added	  between	  15	  and	  30	  minutes	  post-­‐infection	  there	  was	  a	  more	  
prominent	  difference	  in	  the	  level	  of	  infection	  between	  the	  three	  viruses.	  	  In	  each	  
experiment	  replicate,	  at	  15	  minutes	  the	  level	  of	  infection	  for	  the	  O1K-­‐WT	  and	  O1K/A-­‐	  
viruses	  increased	  to	  approximately	  20%,	  whilst	  the	  level	  of	  infection	  for	  the	  O1K-­‐KGA	  virus	  
was	  less	  than	  10%.	  	  This	  difference	  was	  accentuated	  at	  30	  minutes	  where	  the	  difference	  
in	  the	  levels	  of	  infection	  were	  further	  enhanced	  for	  the	  O1K-­‐WT	  and	  O1K/A-­‐	  viruses	  
compared	  to	  O1K-­‐KGA.	  	  The	  level	  of	  infection	  for	  the	  O1K-­‐KGA	  virus	  appeared	  to	  recover	  
after	  60	  minutes	  suggesting	  that	  the	  bulk	  of	  the	  cell	  associated	  virus	  had	  reached	  acidic	  
compartments.	  	  	  This	  was	  observed	  in	  each	  experiment	  replicate	  (panels	  A,	  B	  and	  C).	  	  	  
When	  NH4Cl	  was	  added	  at	  120	  minutes	  post-­‐infection	  there	  appeared	  to	  be	  a	  large	  
degree	  of	  variability	  in	  the	  level	  of	  infection	  however	  this	  was	  likely	  the	  result	  of	  cell	  loss	  
during	  the	  assay	  as	  the	  cells	  had	  become	  “fragile”.	  	  Taken	  together,	  the	  data	  suggests	  that	  
the	  O1K-­‐WT	  and	  the	  O1K/A-­‐	  viruses	  have	  a	  similar	  rate	  of	  delivery	  to	  acidic	  endosomes,	  
suggesting	  they	  may	  share	  a	  rapid	  and	  similar	  endocytosis	  mechanism.	  	  The	  O1K-­‐KGA	  
virus	  appeared	  to	  have	  a	  delayed	  rate	  of	  delivery	  to	  acidic	  endosomes	  as	  there	  was	  a	  
much	  lower	  level	  of	  infected	  cells	  during	  the	  first	  30	  minutes	  compared	  with	  the	  O1K-­‐WT	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and	  O1K/A-­‐	  viruses.	  	  Although	  the	  O1K-­‐KGA	  virus	  had	  delayed	  entry	  kinetics	  during	  the	  
early	  stages	  of	  infection,	  after	  60	  minutes	  post-­‐infection	  the	  level	  of	  infection	  recovered	  
was	  similar	  to	  O1K-­‐WT	  and	  O1K/A-­‐.	  	  This	  could	  suggest	  that	  the	  virus	  may	  be	  using	  an	  
alternative	  endocytosis	  pathway	  and/or	  may	  take	  longer	  to	  traffic	  to	  acidic	  endosomes	  
once	  internalised	  and	  that	  this	  mechanism	  is	  initially	  slow.	  
	  
To	  summarise,	  the	  above	  data	  suggests	  that	  the	  O1K-­‐WT,	  O1K-­‐KGA,	  and	  O1K/A-­‐	  viruses	  
have	  different	  entry	  kinetics,	  and	  are	  delivered	  to	  acidic	  endosomes	  at	  varying	  rates.	  The	  
O1K/A	  virus	  was	  delivered	  to	  acidic	  compartments	  with	  similar	  kinetics	  to	  O1K-­‐WT	  
suggesting	  that	  O1K/A	  was	  entering	  cells	  by	  clathrin-­‐mediated	  endocytosis	  virus.	  	  Finally,	  
the	  O1K-­‐KGA	  virus	  appears	  to	  have	  a	  slow	  rate	  of	  delivery	  to	  acidic	  endosomes	  consistent	  
with	  entry	  by	  a	  clathrin-­‐independent	  mechanism.	  	  	  
	  
192	  	  	  	  
	  
193	  	  	  	  
7.2.2.2	  Investigating	  the	  rate	  of	  delivery	  of	  virus	  to	  acidic	  endosomes	  in	  CHO	  cells	  
The	  above	  data	  shows	  evidence	  for	  differences	  in	  the	  rate	  of	  delivery	  of	  O1K-­‐WT,	  O1K/A-­‐	  
and	  O1K-­‐KGA	  to	  acidic	  endosomes	  in	  IBRS2	  cells.	  	  IBRS2	  cells	  express	  integrin	  αvβ8	  and	  HS	  
and	  can	  therefore	  be	  infected	  by	  both	  field-­‐isolates	  and	  cell-­‐culture	  adapted	  strains.	  	  O1K-­‐
KGA	  and	  O1K/A-­‐	  are	  both	  cell-­‐culture	  adapted	  and	  can	  infect	  cells	  devoid	  of	  FMDV-­‐
integrin	  receptors.	  	  As	  mentioned	  previously,	  CHO	  cells	  lack	  such	  integrins	  and	  express	  
HS,	  and	  are	  only	  susceptible	  to	  infection	  by	  cell-­‐culture	  adapted	  variants	  such	  as	  O1K-­‐KGA	  
and	  O1K/A-­‐.	  	  It	  is	  possible	  that	  O1K/A-­‐	  may	  use	  a	  different	  receptor	  and/or	  an	  alternative	  
endocytosis	  mechanism	  on	  CHO	  cells.	  	  CHO	  cells	  allow	  the	  determination	  of	  entry	  kinetics	  
of	  cell	  culture	  viruses	  in	  the	  absence	  of	  integrins.	  	  The	  same	  experiments	  (as	  above)	  were	  
performed	  using	  CHO	  cells	  with	  the	  exception	  of	  O1Kcad2	  (O1K-­‐WT)	  which	  was	  not	  used	  
as	  this	  virus	  is	  not	  cell-­‐culture	  adapted	  and	  cannot	  infect	  CHO	  cells.	  	  
	  
The	  results	  (Figure	  7.4)	  show	  that	  	  the	  entry	  kinetics	  appear	  to	  resemble	  the	  pattern	  
observed	  in	  IBRS2	  cells	  for	  both	  O1K-­‐KGA	  or	  O1K-­‐A-­‐	  as	  the	  O1K/A-­‐	  virus	  appears	  to	  have	  
faster	  entry	  kinetics	  then	  the	  O1K-­‐KGA	  virus.	  	  The	  level	  of	  infection	  for	  the	  O1K/A-­‐	  virus	  
rises	  at	  a	  considerably	  faster	  rate	  than	  the	  O1K-­‐KGA	  virus.	  Three	  experiments	  are	  shown	  
in	  Figure	  7.4,	  panels	  A,	  B,	  and	  C.	  	  As	  observed	  in	  IBRS2	  cells,	  the	  data	  suggests	  the	  O1K/A-­‐	  
virus	  has	  fast	  entry	  kinetics	  and	  that	  this	  virus	  is	  trafficking	  rapidly	  to	  acidic	  endosomes	  in	  
CHO	  cells.	  In	  contrast,	  the	  O1K-­‐KGA	  virus	  consistently	  had	  a	  lower	  level	  of	  infection	  
suggesting	  O1K-­‐KGA	  is	  reaching	  acidic	  endosomes	  at	  a	  much	  slower	  rate	  than	  the	  O1K/A-­‐.	  	  
The	  difference	  in	  the	  level	  of	  infection	  is	  apparent	  at	  all-­‐time	  points	  but	  is	  most	  apparent	  
at	  the	  30	  and	  60	  minutes.	  	  At	  30	  minutes	  O1K/A-­‐	  had	  infected	  up	  to	  5x	  more	  cells	  than	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O1K-­‐KGA	  (Figure	  7.4,	  panel	  A),	  and	  at	  60	  minutes	  O1K/A-­‐	  had	  recovered	  to	  near	  100%	  
infection	  (panel	  A,	  B	  and	  C)	  whereas	  O1K-­‐KGA	  lagged	  behind	  on	  50%	  (A),	  20%	  (B)	  and	  20%	  
(C).	  	  This	  suggests	  that	  like	  in	  IBRS2	  cells,	  the	  O1K-­‐KGA	  virus	  has	  a	  slower	  rate	  of	  delivery	  
to	  acidic	  endosomes	  than	  the	  O1K/A-­‐	  virus.	  	  
To	  summarise,	  the	  ammonium	  chloride	  assay	  data	  suggests	  that	  O1K/A-­‐	  has	  a	  rapid	  rate	  
of	  delivery	  to	  acidic	  endosomes	  in	  IBRS2	  and	  CHO	  cells,	  suggesting	  that	  this	  virus	  may	  be	  
using	  a	  rapid	  internalisation	  and	  trafficking	  process.	  In	  comparison	  the	  O1K-­‐KGA	  virus	  
showed	  a	  slower	  rate	  of	  delivery	  to	  acidic	  endosomes	  for	  both	  IBRS2	  and	  CHO	  cells	  
suggesting	  that	  O1K-­‐KGA	  may	  be	  using	  a	  slower	  entry	  mechanism	  or	  that	  once	  
internalised	  the	  virus	  takes	  longer	  to	  traffic	  to	  acidic	  endosomes.	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7.2.3	  Investigating	  the	  effect	  of	  cholesterol	  depletion	  on	  entry	  of	  FMDV	  
Treatment	  of	  cells	  with	  Methyl-­‐β-­‐cyclodextrin	  (MβCD)	  has	  been	  shown	  to	  perturb	  lipid-­‐
raft	  mediated	  endocytosis	  such	  as	  caveolae	  by	  removing	  plasma-­‐membrane	  cholesterol	  
and	  disrupting	  the	  formation	  of	  cholesterol-­‐rich	  microdomains.	  	  This	  compound	  could	  
therefore	  be	  used	  to	  investigate	  the	  effect	  of	  cell-­‐membrane	  cholesterol	  depletion	  on	  the	  
entry	  of	  O1K-­‐WT	  (O1Kcad2),	  O1K-­‐KGA,	  and	  O1K/A-­‐.	  	  FMDV	  O1K-­‐WT	  is	  internalised	  via	  
clathrin-­‐mediated	  endocytosis	  and	  pre-­‐treatment	  of	  cells	  with	  MβCD	  was	  shown	  not	  to	  
inhibit	  entry	  and	  infection	  by	  O1Kcad2	  [336].	  	  However,	  as	  O1K-­‐KGA	  is	  believed	  to	  be	  
internalised	  via	  a	  lipid-­‐raft	  dependent	  mechanism	  (caveolae	  mediated	  endocytosis)	  
perturbing	  the	  plasma	  membrane	  cholesterol	  would	  be	  expected	  to	  inhibit	  caveolae	  
mediated	  endocytosis	  and	  thus	  infection.	  	  Here	  the	  role	  of	  membrane	  cholesterol	  in	  
infection	  of	  O1K-­‐KGA,	  and	  O1K/A-­‐	  was	  investigated	  using	  IBRS2	  and	  CHO	  cells.	  	  	  
Briefly,	  IBRS2	  or	  CHO	  cells	  were	  pre-­‐treated	  with	  MβCD	  at	  10mM,	  7.5mM,	  or	  5mM	  for	  a	  
period	  of	  30	  minutes.	  	  After	  MβCD	  pre-­‐treatment	  the	  cells	  were	  incubated	  with	  virus	  at	  
an	  MOI	  of	  approximately	  0.3	  in	  the	  presence	  of	  MβCD	  for	  1	  hour	  at	  37°C.	  Virus	  was	  
aspirated	  and	  the	  cells	  were	  washed	  three	  times	  with	  serum-­‐free	  media	  (SFM),	  and	  
incubated	  for	  a	  further	  four	  hours	  at	  37°C.	  	  The	  cells	  were	  then	  fixed,	  labelled,	  and	  
infected	  cells	  quantified	  according	  to	  methods	  2.7.1.	  	  The	  data	  for	  MβCD	  treated	  cells	  was	  
normalised	  to	  a	  no-­‐MβCD	  infected	  control	  which	  was	  used	  as	  a	  100%	  infection	  reference	  
point.	  The	  assay	  was	  repeated	  twice	  for	  each	  virus	  and	  cell	  type,	  and	  the	  data	  is	  
presented	  on	  Figures	  7.5	  (O1K-­‐WT),	  7.6	  (O1K-­‐KGA),	  and	  7.7	  (O1K/A-­‐).	  	  	  The	  data	  was	  
statistically	  analysed	  using	  a	  one-­‐way	  ANOVA	  with	  multiple	  comparisons,	  using	  the	  no-­‐
MβCD	  (0mM)	  as	  the	  control	  reference	  point.	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Figure	  7.5	  panels	  A	  and	  B	  show	  that	  MβCD	  had	  an	  inhibitory	  effect	  on	  infection	  by	  O1K-­‐
WT.	  	  At	  10mM	  infection	  is	  inhibited	  by	  approximately	  40-­‐50%,	  however	  at	  7.5mM,	  and	  	  
5mM	  the	  inhibitory	  effect	  was	  not	  so	  great	  (20-­‐34%).	  	  Statistical	  analysis	  revealed	  that	  
with	  the	  exception	  of	  the	  5mM	  condition	  on	  panel	  A,	  all	  reductions	  in	  infection	  were	  
statistically	  significant.	  	  This	  observation	  differs	  to	  that	  made	  by	  Berryman	  et	  al	  who	  
showed	  that	  7.5mM	  MβCD	  did	  not	  inhibit	  infection	  by	  the	  same	  virus	  used	  here	  
(O1Kcad2).	  	  However,	  the	  study	  by	  Berryman	  et	  al	  used	  different	  cells	  (i.e.	  SW480	  cells)	  
and	  the	  apparent	  inhibitory	  effect	  seen	  here	  with	  IBRS2	  cells	  could	  be	  explained	  if	  clathrin	  
mediated	  endocytosis	  was	  more	  sensitive	  to	  MβCD	  on	  IBRS2	  cells	  than	  SW480	  cells.	  
	  
Figure	  7.6	  shows	  the	  data	  for	  FMDV	  O1K-­‐KGA	  and	  IBRS2	  cells.	  The	  data	  in	  panels	  A	  and	  B	  
(Figure	  7.6)	  show	  that	  in	  2	  independent	  experiments	  MβCD	  at	  10mM	  inhibited	  infection	  
by	  67%	  and	  80%.	  	  At	  7.5mM	  infection	  was	  inhibited	  by	  approximately	  50%	  on	  both	  
experiments,	  while	  when	  used	  at	  5mM	  MβCD	  inhibited	  infection	  by	  8%	  (panel	  B)	  and	  by	  
50%	  (panel	  A).	  	  With	  the	  exception	  of	  the	  5mM	  condition	  on	  panel	  B,	  all	  reductions	  in	  
infection	  were	  statistically	  significant.	  	  From	  these	  data	  it	  appears	  that	  the	  inhibitory	  
effect	  of	  MβCD	  at	  10	  or	  7.5mM	  is	  greater	  for	  the	  O1K-­‐KGA	  virus	  than	  the	  O1K-­‐WT	  
suggesting	  that	  the	  O1K-­‐KGA	  virus	  is	  more	  susceptible	  to	  the	  effects	  of	  plasma	  membrane	  
cholesterol	  depletion.	  	  This	  suggests	  that	  O1K-­‐KGA	  may	  be	  using	  an	  entry	  mechanism	  that	  
is	  dependent	  on	  plasma-­‐membrane	  cholesterol	  such	  as	  caveolae	  mediated	  endocytosis.	  
Figure	  7.7	  shows	  the	  data	  for	  FMDV	  O1K/A-­‐.	  	  The	  data	  in	  panel	  B	  is	  variable,	  and	  one	  of	  
the	  reasons	  for	  this	  variability	  is	  that	  the	  cells	  infected	  by	  the	  O1K/A-­‐	  virus	  progress	  to	  CPE	  
more	  rapidly,	  therefore	  there	  may	  be	  some	  detachment	  of	  cells	  that	  could	  bias	  the	  data.	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The	  data	  in	  panel	  A	  however	  is	  much	  less	  variable	  and	  appears	  to	  show	  that	  the	  infectivity	  
of	  the	  O1K/A-­‐	  virus	  is	  not	  affected	  by	  MβCD,	  however	  it	  is	  difficult	  to	  make	  any	  strong	  
conclusions	  from	  the	  data	  in	  panel	  B.	  	  Statistical	  analysis	  revealed	  there	  was	  no	  significant	  
difference	  in	  infection	  between	  the	  MβCD	  condition	  and	  the	  experimental	  MβCD	  
conditions	  on	  either	  panel	  A	  or	  panel	  B.	  	  	  The	  above	  data	  suggests	  that	  membrane	  
cholesterol	  is	  required	  for	  infection	  of	  IBRS2	  cells	  by	  O1K-­‐KGA	  but	  not	  for	  infection	  by	  
O1K/A-­‐.	  	  
	  
Next,	  the	  effect	  of	  MβCD	  on	  infection	  of	  CHO	  cells	  was	  determined.	  As	  mentioned	  
previously,	  the	  O1K-­‐WT	  virus	  could	  not	  be	  used	  for	  these	  experiments	  as	  CHO	  cells	  are	  not	  
susceptible	  to	  infection	  by	  field-­‐strains	  of	  FMDV.	  	  The	  assay	  was	  carried	  out	  as	  described	  
above	  for	  IBRS2	  cells.	  	  Figure	  7.8	  shows	  the	  data	  for	  O1K-­‐KGA.	  	  Panels	  A	  and	  B	  show	  data	  
for	  2	  independent	  experiments.	  	  An	  unexpected	  conclusion	  that	  can	  be	  made	  from	  the	  
data	  is	  that	  depletion	  of	  plasma-­‐membrane	  cholesterol	  from	  CHO	  cells	  with	  MβCD	  
appears	  to	  enhance	  infection	  of	  O1K-­‐KGA.	  	  Statistical	  analysis	  showed	  that	  on	  panel	  A,	  
there	  was	  a	  significant	  difference	  between	  infectivity	  when	  cells	  were	  treated	  with	  10mM	  
or	  7.5mM	  MβCD,	  but	  not	  with	  5mM.	  	  On	  panel	  B,	  none	  of	  the	  differences	  in	  infection	  
were	  found	  to	  be	  statistically	  significant,	  however	  the	  statistical	  calculations	  may	  have	  
been	  skewed	  by	  the	  greater	  variance	  seen	  in	  the	  data.	  	  	  
A	  similar	  enhancing	  effect	  was	  seen	  with	  O1K/A-­‐	  virus	  (Figure	  7.9	  A	  &	  B).	  	  However	  
statistical	  analysis	  revealed	  only	  the	  10mM	  condition	  from	  panel	  A	  was	  significantly	  
greater	  from	  the	  control.	  	  This	  may	  have	  been	  due	  to	  the	  high	  degree	  of	  variance	  seen	  in	  
the	  5mM	  condition	  on	  both	  panels,	  therefore	  the	  analysis	  was	  repeated	  for	  both	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experiments	  but	  the	  5mM	  condition	  data	  was	  excluded.	  	  When	  the	  5mM	  data	  was	  
excluded,	  the	  infectivity	  values	  for	  the	  10mM	  and	  7.5mM	  conditions	  on	  both	  panels	  were	  
significantly	  greater	  than	  the	  control.	  	  Taken	  together,	  the	  above	  data	  suggests	  that	  
removal	  of	  plasma	  membrane	  cholesterol	  enhances	  infection	  of	  CHO	  cells	  by	  FMDV	  O1K-­‐
KGA	  and	  O1K/A-­‐.	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7.3	  Summary	  and	  discussion	  
This	  chapter	  described	  preliminary	  investigations	  into	  the	  entry	  kinetics	  of	  O1K/A-­‐.	  	  It	  also	  
described	  the	  construction	  of	  an	  infectious	  copy	  virus	  (O1K-­‐KGA)	  that	  uses	  only	  HS	  as	  a	  
receptor.	  	  Along	  with	  O1Kcad2	  (O1K-­‐WT),	  the	  O1K-­‐KGA	  virus	  was	  used	  to	  help	  determine	  
the	  entry	  kinetics	  of	  O1K/A-­‐.	  	  These	  viruses	  use	  different	  receptors	  and	  might	  be	  expected	  
to	  have	  different	  entry	  kinetics	  as	  it	  is	  the	  receptor	  that	  dictates	  the	  entry	  pathway.	  	  	  
Previous	  research	  has	  already	  established	  that	  field-­‐isolates	  of	  FMDV	  (such	  as	  O1K-­‐WT)	  
are	  rapidly	  internalised	  by	  clathrin	  mediated	  endocytosis	  and	  quickly	  traffic	  to	  acidic	  
endosomes,	  where	  the	  low	  pH	  triggers	  dissociation	  of	  the	  viral	  capsid	  and	  translocation	  of	  
the	  genome	  to	  the	  cytosol	  [336].	  	  O1K-­‐WT	  therefore	  serves	  as	  a	  reference	  virus	  for	  entry	  
by	  the	  clathrin	  pathway.	  	  The	  entry	  kinetics	  of	  cell-­‐culture	  adapted	  strains	  of	  FMDV	  are	  
however	  poorly	  understood.	  	  Work	  by	  O’Donnell	  et	  al	  [362]	  investigated	  the	  entry	  
kinetics	  of	  an	  exclusive	  heparan-­‐sulphate	  binding	  virus,	  and	  showed	  that	  entry	  is	  most	  
likely	  mediated	  by	  caveolae.	  	  Therefore	  in	  order	  to	  compare	  the	  entry	  kinetics	  of	  O1K/A-­‐	  
to	  cell-­‐culture	  adapted	  strains	  of	  FMDV	  the	  O1K-­‐KGA	  virus	  was	  also	  included	  in	  these	  
studies.	  	  
	  
The	  entry	  kinetics	  of	  O1K/WT,	  O1K/A-­‐	  and	  O1K-­‐KGA	  were	  initially	  investigated	  using	  the	  
lysomotropic	  agent	  ammonium	  chloride	  (NH4Cl).	  	  This	  allows	  the	  determination	  of	  the	  
rate	  of	  delivery	  of	  internalised	  virus	  to	  acidic	  endosomes	  however	  it	  should	  be	  noted	  that	  
this	  does	  not	  inform	  us	  of	  the	  rate	  of	  endocytosis.	  	  Using	  this	  reagent,	  a	  clear	  difference	  in	  
the	  rate	  of	  delivery	  to	  acidic	  endosomes	  between	  these	  three	  viruses	  was	  observed.	  	  In	  
IBRS2	  cells	  the	  entry	  kinetics	  of	  O1K/A-­‐	  resembled	  that	  of	  O1K-­‐WT	  suggesting	  that	  O1K/A-­‐	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was	  delivered	  to	  acidic	  endosomes	  by	  a	  rapid	  pathway.	  	  This	  is	  typical	  of	  field-­‐isolates	  of	  
FMDV	  where	  it	  has	  previously	  been	  shown	  that	  they	  are	  rapidly	  taken	  up	  by	  clathrin-­‐
mediated	  endocytosis	  before	  trafficking	  to	  acidic	  early	  endosomes	  where	  the	  low	  pH	  
activates	  capsid	  dissociation	  and	  genome	  translocation	  to	  the	  cytosol	  [230,	  337,	  478].	  	  
Although	  this	  does	  not	  tell	  us	  which	  endocytosis	  mechanism	  O1K/A-­‐	  is	  using,	  it	  does	  
provide	  evidence	  that	  this	  virus	  reaches	  acidic	  endosomes	  at	  a	  rate	  similar	  to	  a	  type	  O	  
field-­‐isolate.	  	  It	  is	  noteworthy	  that	  there	  was	  a	  slight	  drop	  in	  the	  level	  of	  infection	  by	  
O1K/A-­‐	  which	  was	  likely	  due	  to	  CPE	  and	  cell	  detachment,	  thus	  leading	  to	  an	  artificial	  drop	  
in	  infected	  cell	  counts.	  	  The	  kinetics	  data	  for	  O1K-­‐KGA	  presents	  a	  very	  different	  story.	  	  This	  
virus	  appears	  to	  significantly	  “lag”	  behind	  the	  other	  two	  and	  has	  a	  rate	  of	  delivery	  to	  
acidic	  endosomes	  that	  is	  significantly	  slower	  than	  the	  other	  two	  viruses.	  	  This	  experiment	  
was	  repeated	  in	  CHO	  cells	  with	  the	  notable	  absence	  of	  O1K-­‐WT	  because	  CHO	  cells	  lack	  
integrins	  and	  are	  thus	  not	  susceptible	  to	  infection	  by	  field-­‐isolate	  FMDV.	  	  O1K-­‐KGA	  and	  
O1K/A-­‐	  displayed	  similar	  entry	  kinetics	  in	  CHO	  cells	  as	  in	  IBRS2	  cells.	  I.e.	  O1K/A-­‐	  had	  a	  fast	  
rate	  of	  delivery	  to	  acidic	  endosomes	  whereas	  O1K-­‐KGA	  showed	  a	  “lag”	  indicating	  a	  slower	  
rate	  of	  delivery	  to	  acidic	  endosomes.	  	  This	  suggests	  that	  O1K-­‐KGA	  and	  O1K/A-­‐	  may	  be	  
using	  the	  same	  internalisation	  mechanism	  in	  both	  IBRS2	  and	  CHO	  cells.	  	  It	  was	  previously	  
reported	  that	  an	  exclusive	  HS-­‐binding	  FMDV	  moved	  through	  the	  endocytic	  	  machinery	  at	  
a	  slower	  pace	  than	  integrin-­‐binding	  variants	  [362],	  suggesting	  that	  this	  virus	  has	  a	  slow	  
rate	  of	  delivery	  to	  acidic	  endosomes.	  Furthermore,	  observations	  of	  BHK-­‐21	  monolayers	  
infected	  with	  A/Iran/87	  A-­‐	  have	  noted	  that	  CPE	  occurs	  very	  rapidly	  (monolayer	  
detachment	  after	  10	  hours)	  suggesting	  that	  this	  virus	  may	  be	  using	  a	  fast	  endocytosis	  
mechanism	  and	  thus	  have	  a	  fast	  rate	  of	  delivery	  to	  acidic	  endosomes.	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In	  order	  to	  investigate	  the	  role	  of	  plasma-­‐membrane	  cholesterol	  in	  entry	  of	  O1K/A-­‐,	  IBRS2	  
or	  CHO	  cells	  were	  pre-­‐treated	  with	  MβCD	  prior	  to	  infection.	  	  The	  O1K-­‐KGA	  and	  O1K-­‐WT	  
viruses	  were	  also	  included	  for	  comparison.	  	  MβCD	  selectively	  removes	  plasma	  membrane	  
cholesterol	  and	  disrupts	  lipid-­‐raft	  and	  caveolae-­‐mediated	  endocytosis.	  	  Infection	  of	  IBRS2	  
cells	  by	  O1K-­‐KGA	  was	  inhibited	  when	  the	  plasma	  membrane	  was	  depleted	  of	  cholesterol	  
which	  suggests	  that	  this	  HS-­‐binding	  virus	  may	  be	  using	  caveolae-­‐mediated	  endocytosis.	  
The	  observation	  that	  O1K-­‐KGA	  has	  a	  slow	  uptake	  mechanism	  and	  is	  sensitive	  to	  plasma-­‐
membrane	  cholesterol	  depletion	  is	  consistent	  with	  previous	  observations	  by	  O’Donnell	  et	  
al	  who	  investigated	  entry	  of	  a	  RGD-­‐KGE	  mutant	  variant	  of	  O1	  Campos	  [362].	  	  This	  virus	  
was	  also	  an	  exclusive	  HS-­‐binder	  and	  was	  sensitive	  to	  plasma	  membrane	  cholesterol	  
depletion.	  	  Normally	  plasma	  membrane	  cholesterol	  depletion	  does	  not	  affect	  entry	  of	  
field-­‐isolate	  FMDV.	  However,	  high	  concentrations	  of	  MβCD	  (10mM)	  can	  affect	  clathrin-­‐
mediated	  endocytosis	  [492,	  493]	  and	  thus	  affect	  entry	  of	  viruses	  that	  use	  clathrin-­‐
mediated	  endocytosis	  [350,	  494].	  This	  observation	  was	  seen	  with	  O1K-­‐WT	  in	  IBRS2	  cells	  
where	  high	  concentrations	  (10mM)	  affected	  infection,	  however	  lower	  concentrations	  of	  
MβCD	  had	  a	  less	  pronounced	  effect	  which	  is	  consistent	  with	  previous	  reports	  [336].	  	  
Surprisingly,	  cholesterol	  depletion	  appeared	  to	  have	  no	  effect	  on	  entry	  of	  O1K/A-­‐	  which	  
may	  suggest	  this	  virus	  is	  able	  to	  utilise	  an	  entry	  pathway	  that	  is	  not	  dependent	  on	  plasma	  
membrane	  cholesterol.	  	  It	  may	  be	  that	  O1K/A-­‐	  is	  promiscuous	  in	  its	  entry	  mechanisms	  and	  
may	  be	  able	  to	  use	  more	  than	  one	  pathway,	  should	  one	  or	  more	  be	  shut	  down	  by	  plasma-­‐
membrane	  cholesterol	  depletion	  there	  may	  be	  redundancy	  in	  the	  uptake	  pathways	  used	  
by	  the	  virus	  and	  it	  may	  be	  able	  to	  easily	  switch	  to	  a	  separate	  mechanism.	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Interestingly,	  infection	  by	  O1K/A-­‐	  and	  O1K-­‐KGA	  was	  enhanced	  by	  MβCD	  pre-­‐treatment	  in	  
CHO	  cells.	  	  This	  was	  an	  unexpected	  observation	  however	  MβCD	  has	  been	  shown	  to	  
enhance	  infection	  by	  other	  viruses	  such	  as	  rabies	  virus	  infection	  in	  BHK-­‐21	  and	  Hep-­‐2	  cells	  
[495].	  	  	  	  One	  explanation	  is	  that	  “knock-­‐down”	  of	  one	  or	  more	  endocytosis	  mechanisms	  
by	  cholesterol	  depletion	  may	  cause	  up	  regulation	  of	  a	  compensatory	  mechanism	  that	  is	  
capable	  of	  internalising	  surface	  bound	  virus	  and	  delivering	  it	  to	  acidic	  endosomes.	  
However	  cholesterol	  rich	  microdomains	  are	  not	  only	  present	  on	  the	  plasma	  membrane,	  
but	  are	  also	  present	  within	  the	  membranes	  of	  intracellular	  organelles	  and	  are	  involved	  in	  
the	  trafficking	  of	  proteins	  in	  the	  secretory	  pathway.	  Plasma-­‐membrane	  cholesterol	  
depletion	  may	  cause	  the	  cell	  to	  replenish	  plasma	  membrane	  cholesterol	  from	  
endoplasmic	  reticulum	  stores	  in	  an	  attempt	  to	  restore	  cholesterol	  balance	  [485].	  	  	  This	  in	  
turn	  may	  explain	  a	  compensatory	  up	  regulation	  of	  another	  endocytosis	  mechanism	  as	  it	  
would	  lead	  to	  an	  increase	  in	  membrane	  turnover,	  but	  would	  also	  cause	  a	  depletion	  of	  
intracellular	  membrane	  cholesterol	  stores	  and	  thus	  may	  disrupt	  intracellular	  membranes.	  	  
FMDV	  replication	  is	  dependent	  on	  intracellular	  membranes	  and	  it	  is	  therefore	  possible	  
that	  depletion	  of	  plasma	  membrane	  cholesterol	  may	  have	  a	  knock-­‐on	  effect	  on	  virus	  
replication	  or	  assembly.	  	  This	  Chapter	  investigated	  the	  effects	  of	  cholesterol	  depletion	  on	  
FMDV	  infection	  however	  other	  research	  has	  revealed	  that	  addition	  of	  MβCD	  after	  viral	  
entry	  has	  no	  effect	  on	  viral	  replication	  [480,	  496],	  therefore	  supporting	  the	  notion	  that	  
plasma	  membrane	  cholesterol	  depletion	  only	  affects	  the	  early	  stages	  of	  viral	  infection	  
and	  not	  replication.	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This	  chapter	  has	  provided	  a	  valuable	  insight	  into	  the	  entry	  kinetics	  of	  one	  field-­‐isolate	  and	  
two	  cell-­‐culture	  adapted	  strains	  of	  FMDV.	  	  Firstly,	  it	  supports	  the	  findings	  of	  O’Donnell	  et	  
al	  that	  HS-­‐binding	  FMDV	  uses	  a	  cholesterol-­‐dependent	  mechanism	  for	  cell	  entry	  [362].	  	  
Secondly,	  it	  suggests	  that	  O1K/A-­‐	  is	  rapidly	  internalised	  and	  is	  quickly	  delivered	  to	  acidic	  
endosomes,	  and	  that	  this	  virus	  may	  be	  resistant	  to	  plasma-­‐membrane	  cholesterol	  
depletion.	  	  The	  research	  could	  be	  furthered	  by	  using	  other	  inhibitors	  of	  endocytosis	  
where	  the	  endocytosis	  mechanism	  could	  be	  determined	  by	  a	  process	  of	  elimination.	  	  The	  
endocytosis	  mechanisms	  of	  O1K/A-­‐	  and	  O1K-­‐KGA	  are	  further	  explored	  in	  Chapter	  8	  where	  
pharmacological	  inhibitors	  of	  endocytosis,	  fluorescently	  conjugated	  antibodies,	  and	  GFP-­‐
fused	  proteins	  are	  used	  in	  conjunction	  with	  confocal	  microscopy	  in	  order	  to	  more	  
precisely	  determine	  their	  entry	  mechanisms.	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Chapter	  Eight:	  Investigating	  the	  cell-­‐entry	  pathway	  utilised	  by	  O1K/A-­‐	  
8.1	  Introduction	  
The	  previous	  Chapter	  showed	  that	  	  O1K/A-­‐	  	  rapidly	  trafficked	  to	  acidic	  endosomes	  in	  both	  
IBRS2	  and	  CHO	  cells,	  and	  suggested	  that	  virus	  entry	  is	  	  unperturbed	  by	  depletion	  of	  
plasma-­‐membrane	  cholesterol	  	  in	  IBRS2	  cells.	  	  The	  combination	  of	  fast	  delivery	  to	  
endosomes	  and	  resistance	  to	  cholesterol	  depletion	  suggests	  that	  O1K/A-­‐	  utilizes	  a	  rapid	  
entry	  mechanism	  that	  does	  not	  depend	  on	  lipid-­‐rafts.	  	  The	  results	  also	  show	  that	  the	  O1K-­‐
KGA	  virus	  had	  a	  slower	  rate	  of	  delivery	  to	  acidic	  endosomes	  in	  IBRS2	  and	  CHO	  cells	  
compared	  with	  the	  O1K/A-­‐	  and	  O1K	  field-­‐isolate	  viruses.	  	  Infection	  by	  O1K-­‐KGA	  was	  
sensitive	  to	  membrane	  cholesterol	  depletion	  suggesting	  it	  may	  be	  utilizing	  an	  uptake	  
mechanism	  dependent	  on	  cholesterol	  such	  as	  caveolae	  or	  other	  lipid	  raft	  mediated	  
mechanisms.	  	  These	  experiments	  were	  carried	  out	  using	  a	  low	  multiplicity	  of	  infection	  
(0.3)	  to	  limit	  the	  possibility	  of	  the	  viruses	  using	  secondary	  endocytosis	  pathways.	  Thus,	  
the	  data	  indicates	  that	  delivery	  of	  O1K/A-­‐	  to	  acidic	  endosomes	  is	  fast,	  whereas	  delivery	  of	  
O1K-­‐KGA	  is	  slow.	  	  
	  
Although	  the	  above	  experiments	  provided	  useful	  preliminary	  data	  about	  the	  uptake	  
kinetics	  of	  the	  O1K/A-­‐	  and	  O1K-­‐KGA	  viruses,	  it	  was	  not	  sufficient	  to	  determine	  which	  
endocytosis	  mechanism	  (or	  mechanisms)	  these	  viruses	  were	  using	  and	  the	  receptor	  and	  
the	  internalisation	  mechanism	  of	  the	  O1K/A-­‐	  virus	  remains	  unidentified.	  	  	  	  In	  this	  Chapter	  
confocal	  microscopy	  was	  used	  to	  further	  understand	  the	  entry	  pathway	  used	  by	  O1K/A-­‐.	  	  
The	  endocytosis	  mechanism	  used	  by	  O1K-­‐KGA	  was	  also	  investigated,	  as	  O’Donnell	  et	  al	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[362]	  concluded	  that	  an	  exclusive	  HS-­‐binding	  variant	  of	  O1Campos	  (O1C3056-­‐KGE)	  was	  
internalised	  by	  caveolae	  mediated	  endocytosis	  (see	  section	  7.1).	  	  	  
	  
8.2	  Results	  
The	  following	  results	  describe	  the	  investigation	  of	  O1K/A-­‐	  and	  O1K-­‐KGA	  entry	  in	  IBRS2	  and	  
CHO	  cells.	  	  	  The	  basic	  entry	  experiment	  consisted	  of	  using	  cells	  on	  glass	  coverslips.	  	  The	  
cells	  were	  cooled	  on	  ice	  and	  washed	  with	  cold	  (4°C)	  serum-­‐free	  media.	  	  Sucrose	  purified	  
virus	  (10	  µg/ml)	  or	  transferrin	  was	  allowed	  to	  bind	  to	  the	  cell	  surface	  for	  up	  to	  60	  minutes	  
at	  4°C	  to	  prevent	  endocytosis.	  	  	  Unbound	  virus	  or	  transferrin	  was	  removed	  by	  washing	  
with	  cold	  serum-­‐free	  media	  and	  the	  temperature	  of	  the	  cells	  shifted	  to	  37°	  to	  allow	  
internalization	  to	  occur.	  	  After	  a	  defined	  amount	  of	  time	  the	  cells	  were	  fixed	  with	  4%	  
paraformaldehyde.	  	  Virus	  antigen	  or	  markers	  of	  intracellular	  compartments	  were	  then	  
immunolabelled	  with	  fluorescent	  antibodies	  according	  to	  the	  protocol	  described	  in	  
methods	  2.11.	  	  	  
	  
8.2.1	  Uptake	  of	  O1K/A-­‐	  and	  O1K-­‐KGA	  by	  IBRS2	  cells	  
In	  order	  to	  investigate	  entry	  an	  internalization	  assay	  was	  established	  that	  allowed	  
intracellular	  and	  extracellular	  virus	  to	  be	  labelled	  with	  different	  colour	  fluorophores.	  	  
Briefly,	  virus	  was	  internalised	  as	  described	  above	  and	  endocytosis	  stopped	  by	  placing	  the	  
cells	  on	  ice	  before	  fixing	  with	  cold	  4%	  paraformaldehyde	  for	  20	  minutes.	  	  To	  label	  
intracellular	  and	  extracellular	  antigen	  with	  different	  fluorophores	  a	  dual	  labelling	  method	  
was	  employed	  similar	  to	  that	  described	  by	  the	  Bergelson	  laboratory	  [497].	  	  Firstly,	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external	  virus	  was	  labelled	  using	  MAb	  IB11	  and	  an	  Alexa-­‐594	  (red)	  conjugated	  secondary	  
antibody	  (method	  2.11.4).	  	  The	  cells	  were	  then	  fixed	  once-­‐more	  with	  4%	  
paraformaldehyde	  for	  5	  minutes	  to	  cross	  link	  the	  antibodies	  and	  prevent	  them	  from	  
detaching.	  	  To	  label	  the	  intracellular	  antigen	  the	  cells	  were	  then	  permeabilised	  with	  0.1%	  
Triton-­‐X-­‐100	  for	  20	  minutes	  and	  labelled	  again	  using	  MAB	  IB11	  according	  to	  the	  same	  
procedure	  as	  described	  above	  except	  that	  an	  Alexa-­‐488	  (green)	  conjugated	  secondary	  
antibody	  was	  used.	  	  Thus	  internalised	  and	  surface	  virus	  can	  be	  distinguished	  as	  external	  
virus	  would	  appear	  red	  (i.e.	  labelled	  with	  Alexa-­‐594)	  or	  yellow	  (i.e.	  labelled	  with	  Alexa-­‐
594	  and	  Alexa-­‐488)	  whereas	  internalised	  virus	  appears	  green	  (i.e.	  labelled	  only	  with	  Alex-­‐
488).	  	  
Figures	  8.1	  to	  8.7	  show	  a	  time	  course	  of	  O1K/A-­‐	  uptake	  by	  IBRS2	  cells.	  	  The	  cells	  were	  
fixed	  at	  0,	  5,	  10,	  15,	  20,	  30,	  or	  60	  minutes	  following	  the	  initiation	  of	  internalisation	  and	  
these	  times	  are	  indicated	  on	  the	  relevant	  figure.	  	  At	  0	  minutes	  (Figure	  8.1)	  	  virus	  
remained	  at	  the	  cell	  surfaces	  as	  indicated	  by	  near	  complete	  co-­‐localisation	  of	  the	  red	  and	  
green	  channels	  and	  was	  distributed	  in	  numerous	  small	  punctate	  structures.	  	  At	  5	  minutes	  
post	  warming	  (Figure	  8.2)	  the	  majority	  of	  virus	  had	  been	  internalised	  (green)	  and	  was	  
located	  in	  numerous	  small	  vesicle-­‐like	  structures	  within	  the	  cytoplasm;	  however	  some	  
virus	  remained	  at	  the	  plasma	  membrane.	  	  By	  10	  and	  15	  minutes	  virus	  was	  internalised	  in	  
most	  virus	  positive	  cells	  and	  appeared	  to	  accumulate	  in	  larger	  punctate	  structures	  that	  
were	  distributed	  throughout	  the	  cell	  cytoplasm	  (Figures	  8.3	  and	  8.4).	  	  At	  20	  and	  30	  
minutes	  (Figures	  8.5	  and	  8.6)	  these	  structures	  appeared	  to	  aggregate	  further	  to	  form	  
large,	  punctate	  vesicles	  in	  the	  peri-­‐nuclear	  region	  of	  the	  cells.	  	  At	  30	  minutes	  virtually	  all	  
of	  the	  virus	  had	  entered	  cells.	  	  After	  60	  minutes	  post-­‐internalisation	  most	  of	  the	  
213	  	  	  	  
immunofluorescence	  had	  disappeared	  (Figure	  8.7).	  	  These	  results	  are	  consistent	  with	  a	  
rapid	  entry	  pathway	  and	  the	  changing	  distribution	  of	  immunofluorescence	  suggests	  that	  
internalised	  viral-­‐particles	  accumulate	  in	  larger	  structures	  that	  may	  be	  lysosomes	  or	  
recycling-­‐endosomes	  in	  the	  peri-­‐nuclear	  region	  of	  the	  cell.	  	  As	  most	  of	  the	  
immunofluorescence	  disappears	  by	  60	  minutes	  post-­‐entry	  this	  indicates	  that	  the	  viral-­‐
particles	  had	  either	  been	  degraded	  or	  recycled	  out	  of	  the	  cell.	  	  
	  
The	  experiment	  was	  repeated	  using	  IBRS2	  cells	  and	  O1K-­‐KGA.	  The	  pattern	  of	  
immunofluorescence	  was	  distinctly	  different	  from	  the	  O1K/A-­‐	  virus.	  	  For	  example	  the	  
distribution	  and	  size	  of	  punctae	  at	  0	  minutes	  (i.e.	  when	  virus	  was	  still	  at	  the	  cell	  surface)	  
did	  not	  resemble	  that	  of	  the	  O1K/A-­‐	  virus.	  	  Instead	  the	  virus	  was	  in	  numerous	  small	  
punctate	  structures	  which	  appeared	  to	  be	  concentrated	  at	  the	  apical	  (top)	  side	  of	  the	  cell	  
(see	  Figure	  8.8).	  	  It	  was	  difficult	  to	  see	  any	  surface	  bound	  virus	  when	  the	  cells	  were	  
viewed	  through	  the	  central	  focal	  plane	  whereas	  the	  O1K/A-­‐	  virus	  appeared	  as	  punctate	  
structures	  at	  this	  position.	  It	  would	  appear	  for	  an	  unknown	  reason	  that	  the	  O1K-­‐KGA	  virus	  
preferentially	  binds	  to	  the	  apical	  side	  of	  the	  cell.	  	  	  At	  15	  minutes	  post-­‐warming	  the	  vast	  
majority	  of	  the	  virus	  was	  still	  bound	  to	  the	  apical	  cell	  surface	  (i.e.	  labelled	  red	  and	  green,	  
Figure	  8.9)	  however	  the	  appearance	  of	  the	  immunofluorescence	  was	  slightly	  different.	  	  
The	  immunofluorescence	  signal	  was	  more	  intense,	  and	  the	  punctate	  structures	  were	  
slightly	  larger	  although	  still	  numerous.	  	  Interestingly,	  at	  30	  minutes	  post-­‐warming	  the	  
virus	  appeared	  aggregate	  to	  into	  large	  structures	  located	  in	  the	  plasma	  membrane	  (Figure	  
8.10).	  	  Although	  the	  majority	  of	  the	  virus	  was	  still	  surface	  bound	  a	  small	  amount	  had	  been	  
internalised	  (highlighted	  by	  white	  arrows).	  	  By	  60	  minutes	  most	  of	  the	  virus	  remained	  at	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the	  cell	  surface	  but	  internalisation	  of	  the	  O1K-­‐KGA	  virus	  was	  observed	  (Figure	  8.11)	  as	  
positive	  labelling	  was	  seen	  in	  punctate	  structures	  located	  in	  the	  peri-­‐nuclear	  region	  
(highlighted	  by	  white	  arrows).	  	  These	  results	  suggest	  that	  O1K-­‐KGA	  binds	  to	  receptors	  at	  
the	  apical	  surface	  of	  the	  cell	  before	  slow	  internalisation	  and	  accumulates	  in	  peri-­‐nuclear	  
compartments.	  	  The	  results	  also	  suggest	  that	  virus	  accumulates	  in	  structures	  at	  the	  
plasma	  membrane	  before	  internalisation.	  .	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8.2.2	  Uptake	  of	  O1K/A-­‐	  and	  O1K-­‐KGA	  by	  CHO	  cells	  
To	  investigate	  whether	  there	  were	  differences	  in	  the	  internalisation	  of	  O1K/A-­‐	  or	  O1K-­‐KGA	  
virus	  in	  cell	  lines	  other	  than	  IBRS2,	  and	  to	  ensure	  that	  the	  observations	  from	  IBRS2	  cells	  
were	  consistent	  across	  other	  cell	  lines,	  the	  entry	  of	  both	  viruses	  was	  investigated	  in	  CHO	  
cells.	  	  The	  experiments	  were	  carried	  out	  as	  described	  above	  for	  IBRS2	  cells.	  	  
	  
Figure	  8.12	  shows	  images	  taken	  through	  the	  central	  focal	  plane	  for	  O1K/A-­‐	  at	  the	  cell	  
surface.	  	  Virtually	  all	  virus	  is	  clearly	  bound	  to	  the	  surface	  of	  the	  cell,	  appearing	  as	  small	  
punctate	  structures	  in	  the	  plasma	  membrane.	  	  The	  appearance	  of	  the	  surface	  bound	  virus	  
in	  CHO	  cells	  differs	  slightly	  to	  that	  in	  IBRS2	  insofar	  as	  the	  structures	  on	  CHO	  cells	  are	  
slightly	  larger	  and	  appear	  less	  numerous.	  	  At	  5	  minutes	  post-­‐warming	  almost	  all	  virus	  had	  
been	  internalised	  (Figure	  8.13)	  and	  had	  collected	  in	  punctae	  located	  at	  the	  cell	  periphery,	  
as	  evidenced	  by	  the	  near-­‐exclusive	  green	  fluorescence.	  	  This	  suggests	  that	  similar	  to	  
IBRS2	  cells	  entry	  of	  O1K/A-­‐	  into	  CHO	  cells	  is	  rapid.	  	  Between	  10	  and	  15	  minutes	  the	  
general	  intensity	  of	  fluorescence	  decreased	  and	  the	  number	  of	  punctate	  structures	  also	  
decreased	  (Figures	  8.14	  and	  8.15).	  The	  punctate	  structures	  were	  also	  mostly	  distributed	  
in	  the	  peripheral	  region.	  	  At	  20	  minutes	  however	  the	  virus	  was	  present	  in	  large	  vesicle	  like	  
structures	  distributed	  throughout	  the	  cytoplasm	  (Figure	  8.16)	  which	  indicates	  the	  virus	  
was	  accumulating	  in	  intracellular	  compartments.	  	  By	  30	  minutes	  almost	  all	  of	  the	  
fluorescence	  had	  disappeared	  meaning	  there	  was	  very	  little	  viral	  antigen	  left	  within	  or	  on	  
the	  surface	  of	  the	  cell	  (Figure	  8.17),	  indicating	  the	  virus	  may	  have	  been	  degraded	  or	  
recycled	  out	  of	  the	  cell.	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Entry	  of	  O1K-­‐KGA	  was	  also	  investigated	  in	  CHO	  cells.	  	  O1K-­‐KGA	  virus	  that	  was	  surface	  
bound	  to	  CHO	  cells	  produced	  a	  weak	  fluorescence	  signal	  consisting	  of	  punctate	  structures	  
located	  on	  the	  plasma	  membrane	  (Figure	  8.18).	  	  At	  15	  minutes	  post-­‐warming	  the	  virus	  
collected	  in	  punctae	  	  located	  near	  the	  periphery	  of	  the	  cell	  (Figure	  8.19),	  however	  in	  some	  
cells	  virus	  accumulated	  in	  structures	  located	  in	  the	  peri-­‐nuclear	  region	  of	  the	  cells	  	  (Figure	  
8.19,	  panel	  F).	  	  	  By	  30	  minutes	  post-­‐warming	  virus	  appeared	  to	  accumulate	  in	  structures	  
of	  varying	  size	  and	  location,	  some	  of	  which	  were	  in	  the	  peri-­‐nuclear	  region	  and	  others	  
closer	  to	  the	  cell	  periphery	  (Figure	  8.20).	  There	  was	  also	  a	  larger	  amount	  of	  virus	  located	  
at	  the	  plasma	  membrane	  where	  on	  some	  cells	  it	  was	  concentrated	  in	  clusters	  at	  certain	  
regions	  of	  the	  plasma	  membrane.	  Due	  to	  the	  increase	  of	  surface	  bound	  virus	  from	  15	  to	  
30	  minutes	  it	  is	  possible	  that	  virus	  may	  have	  been	  recycled	  back	  to	  the	  plasma	  membrane	  
or	  have	  accumulated	  in	  vesicles	  during	  entry.	  	  At	  60	  minutes	  post	  warming	  virus	  was	  
present	  in	  large	  punctate	  structures	  in	  the	  peri-­‐nuclear	  region	  with	  some	  smaller	  
structures	  still	  seen	  at	  the	  cell	  periphery	  (Figure	  8.21).	  At	  120	  minutes	  most	  of	  the	  virus	  
had	  disappeared	  indicating	  that	  it	  had	  either	  been	  degraded	  or	  recycled	  out	  of	  the	  cell	  
(Figure	  8.22).	  Taken	  together,	  the	  above	  observations	  imply	  that	  O1K-­‐KGA	  uses	  a	  slower	  
endocytosis	  pathway	  to	  enter	  CHO	  cells.	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8.2.3	  Co-­‐localisation	  with	  early	  endosomal	  antigen-­‐1	  in	  IBRS2	  cells.	  
Early	  endosomal	  antigen-­‐1	  (EEA-­‐1)	  is	  a	  cellular	  protein	  that	  localises	  exclusively	  with	  early	  
endosomes.	  	  Antibodies	  directed	  against	  EEA-­‐1	  can	  therefore	  be	  used	  to	  detect	  co-­‐
localisation	  of	  internalised	  virus	  with	  early	  endosomes.	  Figure	  8.23	  shows	  IBRS2	  cells	  that	  
have	  been	  co-­‐labelled	  for	  FMDV	  O1K/A-­‐	  (green)	  and	  EEA-­‐1	  (red).	  	  Before	  virus	  
internalisation,	  O1K/A-­‐	  can	  be	  seen	  bound	  to	  the	  surface	  of	  IBRS2	  cells	  and	  the	  early	  
endosomes	  are	  distributed	  throughout	  the	  cytoplasm.	  	  After	  5	  minutes	  of	  entry	  O1K/A-­‐	  
was	  co-­‐localised	  with	  EEA-­‐1	  at	  the	  cell	  periphery	  (Figure	  8.24)	  which	  suggests	  that	  this	  
virus	  is	  rapidly	  internalised	  and	  delivered	  to	  early	  endosomes.	  Because	  of	  variations	  in	  
signal	  intensity	  the	  co-­‐localisation	  does	  not	  always	  appear	  as	  bright	  yellow	  and	  co-­‐
localisation	  is	  highlighted	  on	  the	  figure	  by	  white	  arrows.	  	  At	  15	  minutes	  post-­‐
internalisation	  the	  degree	  of	  co-­‐localisation	  was	  greater	  than	  at	  5	  minutes	  and	  the	  virus	  
had	  collected	  in	  to	  larger	  structures	  (Figure	  8.25).	  	  Some	  of	  the	  co-­‐localised	  structures	  
were	  also	  closer	  to	  the	  peri-­‐nuclear	  region.	  	  Interestingly	  a	  large	  amount	  of	  internalised	  
virus	  was	  not	  co-­‐localised	  with	  early	  endosomes	  indicating	  this	  may	  be	  virus	  in	  transit	  
that	  has	  not	  yet	  reached	  an	  acidic	  endosome,	  or	  that	  it	  may	  have	  passed	  through	  EE	  and	  
has	  trafficked	  to	  a	  different	  endocytic	  compartment.	  	  After	  30	  minutes	  some	  virus	  was	  
still	  co-­‐localised	  with	  EEA-­‐1	  in	  structures	  close	  to	  the	  peri-­‐nuclear	  region	  (Figure	  8.26).	  	  
There	  was	  also	  some	  internalised	  virus	  that	  was	  not	  co-­‐localised	  with	  EEA-­‐1.	  	  The	  above	  
observations	  suggest	  that	  delivery	  of	  O1K/A-­‐	  to	  early	  endosomes	  is	  rapid	  	  and	  that	  as	  time	  
progresses	  the	  amount	  of	  virus	  in	  an	  early	  endosome	  increases.	  The	  data	  also	  indicates	  
that	  not	  all	  internalised	  virus	  co-­‐localises	  with	  early	  endosomes.	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This	  experiment	  was	  repeated	  using	  the	  O1K-­‐KGA	  virus.	  	  As	  seen	  previously	  (Figure	  8.12)	  
surface	  bound	  virus	  was	  located	  nearer	  the	  apical	  surface	  of	  the	  cell	  (Figure	  8.27).	  	  
Because	  the	  previous	  experiment	  had	  shown	  that	  little	  O1K-­‐KGA	  virus	  was	  internalised	  
during	  the	  first	  15	  minutes	  post-­‐warming	  the	  cells	  were	  fixed	  at	  15,	  30	  and	  60	  minutes	  
post-­‐warming.	  	  At	  15	  minutes	  after	  commencement	  of	  internalisation	  there	  was	  evidence	  
of	  a	  small	  amount	  of	  virus	  co-­‐localisation	  with	  EEA-­‐1(Figure	  8.28)	  located	  near	  the	  cell	  
periphery,	  however	  some	  most	  virus	  was	  still	  present	  at	  the	  cell	  surface.	  	  After	  30	  
minutes	  entry	  the	  virus	  had	  collected	  in	  larger	  early	  endosomes	  closer	  to	  the	  peri-­‐nuclear	  
region	  and	  most	  of	  the	  surface	  bound	  virus	  had	  disappeared	  (Figure	  8.29).	  	  By	  60	  minutes	  
almost	  all	  of	  the	  virus	  had	  disappeared	  indicating	  that	  it	  had	  either	  been	  degraded	  or	  
recycled	  out	  of	  the	  cell	  (Figure	  8.30).	  	  These	  observations	  indicate	  that	  the	  O1K-­‐KGA	  virus	  
is	  capable	  of	  reaching	  acidic	  endosomes	  within	  15	  minutes	  in	  IBRS2	  cells	  and	  that	  as	  time	  
post-­‐warming	  progresses	  the	  degree	  of	  co-­‐localisation	  increases.	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8.2.4	  Co-­‐localisation	  with	  transferrin	  in	  IBRS2	  cells	  
Transferrin	  binds	  the	  transferrin	  receptor	  (TfnR)	  and	  is	  internalised	  via	  clathrin-­‐mediated	  
endocytosis.	  Transferrin	  first	  traffics	  to	  early	  endosomes	  and	  from	  there	  to	  recycling	  
endosomes	  in	  the	  peri-­‐nuclear	  region	  before	  being	  trafficked	  back	  to	  the	  cell	  surface.	  	  It	  is	  
therefore	  a	  useful	  marker	  of	  clathrin-­‐mediated	  endocytosis	  and	  can	  be	  used	  to	  follow	  
virus	  co-­‐localisation	  with	  early-­‐	  and	  recycling-­‐endosomes.	  	  To	  further	  investigate	  the	  
entry	  pathway	  of	  O1K/A-­‐	  and	  O1K-­‐KGA,	  Alexa-­‐fluor	  conjugated	  transferrin	  was	  used	  in	  
internalisation	  experiments.	  Cells	  were	  pre-­‐incubated	  with	  transferrin	  prior	  to	  addition	  of	  
virus	  to	  load	  early-­‐	  and	  recycling-­‐endosomes	  and	  enhance	  the	  fluorescence	  signal.	  Figure	  
8.31	  shows	  co-­‐localisation	  of	  FMDV	  O1K/A-­‐	  with	  transferrin	  in	  IBRS2	  cells	  after	  5	  minutes	  
of	  virus	  internalisation	  and	  that	  transferrin	  and	  O1K/A-­‐	  share	  the	  same	  endocytosis	  
pathway.	  	  The	  virus	  and	  transferrin	  are	  co-­‐localised	  in	  small	  vesicular	  structures	  located	  at	  
the	  periphery	  of	  the	  cell.	  	  At	  10	  minutes	  post-­‐internalisation	  the	  co-­‐localisation	  was	  
greater	  and	  the	  endosomal	  structures	  became	  larger	  and	  were	  located	  closer	  to	  the	  peri-­‐
nuclear	  region	  (Figure	  8.32).	  	  By	  15	  minutes	  there	  was	  a	  significant	  degree	  of	  co-­‐
localisation	  in	  the	  peri-­‐nuclear	  region	  which	  suggests	  virus	  may	  be	  collecting	  in	  recycling	  
endosomes	  (Figure	  8.33).	  	  At	  30	  minutes	  virus	  and	  transferrin	  aggregated	  in	  to	  very	  large	  
structures	  in	  the	  peri-­‐nuclear	  region,	  most	  likely	  recycling	  endosomes	  (Figure	  8.34).	  	  This	  
experiment	  was	  repeated	  with	  the	  O1K-­‐KGA	  virus	  in	  IBRS2	  cells.	  Time	  points	  10	  and	  30	  
minutes	  are	  shown	  in	  figure	  8.35.	  	  As	  observed	  in	  the	  previous	  experiments	  when	  the	  
cells	  were	  warmed	  to	  37°C	  most	  of	  the	  virus	  remained	  at	  the	  apical	  surface	  of	  the	  cell	  in	  
small,	  punctate	  structures	  (panels	  A,	  B	  and	  C).	  Only	  very	  small	  amounts	  of	  co-­‐localisation	  
were	  observed	  near	  the	  cell	  periphery	  after	  30	  minutes	  internalisation	  (Figure	  8.35,	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panels	  D,	  E	  and	  F).	  	  This	  experiment	  was	  also	  repeated	  using	  CHO	  cells	  and	  both	  O1K/A-­‐	  
and	  O1K-­‐KGA	  viruses.	  However,	  CHO	  cells	  were	  found	  to	  internalise	  very	  little	  transferrin	  
and	  the	  fluorescence	  signal	  was	  insufficient	  to	  allow	  determination	  of	  co-­‐localisation.	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8.2.5	  Co-­‐localisation	  with	  Caveolin-­‐1	  
Caveolin-­‐1	  is	  a	  membrane	  protein	  and	  an	  integral	  component	  of	  caveolae,	  and	  co-­‐
localisation	  of	  viruses	  with	  caveolin-­‐1	  is	  indicative	  of	  caveolae-­‐mediated	  endocytosis.	  CHO	  
cells	  were	  transfected	  with	  plasmids	  encoding	  a	  green	  fluorescent	  protein	  (GFP)	  caveolin-­‐
1	  fusion	  protein	  (GFP-­‐cav-­‐1).	  	  At	  4	  hours	  post-­‐transfection	  the	  cells	  were	  allowed	  to	  take	  
up	  FMDV	  as	  above.	  	  	  At	  5	  minutes	  post-­‐internalisation	  (figure	  8.36)	  there	  was	  a	  small	  
amount	  of	  co-­‐localisation	  of	  O1K/A-­‐	  with	  GFP-­‐cav-­‐1	  near	  the	  surface	  of	  the	  cell,	  however	  
most	  of	  the	  virus	  was	  not	  co-­‐localised	  with	  GFP-­‐cav-­‐1.	  	  After	  15	  minutes	  internalisation	  
the	  virus	  collected	  into	  larger	  vesicular	  structures	  closer	  to	  the	  nucleus	  and	  the	  degree	  of	  
co-­‐localisation	  also	  slightly	  increased	  (Figure	  8.37).	  	  These	  observations	  suggested	  that	  in	  
CHO	  cells	  a	  proportion	  	  of	  O1K/A-­‐	  may	  be	  taken	  up	  in	  caveolin-­‐1	  positive	  vesicles.	  	  
Caveolin-­‐1	  and	  thus	  caveolae	  may	  therefore	  play	  a	  role	  in	  the	  entry	  of	  O1K/A-­‐.	  
	  
When	  the	  experiment	  was	  repeated	  with	  O1K-­‐KGA	  virus	  the	  immunofluorescence	  signal	  
for	  virus	  labelling	  was	  much	  weaker	  than	  the	  O1K/A-­‐	  virus.	  	  A	  small	  amount	  of	  co-­‐
localisation	  could	  be	  seen	  between	  O1K-­‐KGA	  and	  GFP-­‐cav-­‐1	  near	  the	  surface	  of	  the	  cell	  
(Figure	  8.38),	  suggesting	  that	  they	  were	  occupying	  the	  same	  endosomal	  structure.	  	  
However	  as	  experiment	  8.3	  showed	  that	  O1K-­‐KGA	  can	  remain	  at	  the	  cell	  surface	  for	  up	  to	  
60	  minutes	  it	  cannot	  be	  determined	  whether	  this	  virus	  was	  surface	  bound	  or	  internalised.	  	  
Strong	  conclusions	  cannot	  be	  made	  from	  the	  data	  using	  O1K-­‐KGA	  but	  the	  results	  suggest	  
that	  caveolin-­‐1	  may	  be	  involved	  in	  internalisation.	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8.2.6	  Co-­‐localisation	  with	  flotillin-­‐1	  
Flotillin-­‐1	  is	  a	  membrane	  protein	  that	  has	  been	  shown	  to	  be	  enriched	  on	  detergent-­‐
resistant	  domains	  of	  the	  plasma	  membrane	  known	  as	  lipid	  rafts.	  	  Although	  its	  function	  is	  
not	  entirely	  understood	  flotillin-­‐1	  is	  believed	  to	  be	  involved	  in	  a	  clathrin-­‐independent,	  
lipid-­‐raft	  dependent	  endocytosis	  pathway.	  	  To	  investigate	  the	  role	  of	  flotillin-­‐1	  in	  entry	  of	  
FMDV	  O1K/A-­‐	  CHO	  cells	  were	  transfected	  with	  a	  plasmid	  expressing	  a	  GFP	  flotillin-­‐1	  (GFP-­‐
flot-­‐1)	  fusion	  protein.	  	  Internalisation	  experiments	  were	  then	  carried	  out	  as	  described	  
above	  using	  O1K/A-­‐.	  	  Figure	  8.39	  shows	  GFP-­‐flot-­‐1	  expressing	  CHO	  cells	  after	  5	  minutes	  of	  
virus	  internalisation.	  	  Co-­‐localisation	  was	  visible	  at	  the	  cell	  surface	  in	  small	  vesicle-­‐like	  
structures	  indicating	  that	  a	  small	  amount	  of	  virus	  was	  sharing	  the	  same	  internalisation	  
pathway	  as	  flotillin-­‐1,	  however	  the	  majority	  of	  virus	  was	  not	  co-­‐localised	  with	  flotillin-­‐1.	  	  
After	  15	  minutes	  entry	  the	  virus	  aggregated	  into	  larger	  endosomal	  structures	  closer	  to	  
the	  nucleus	  but	  only	  a	  small	  amount	  of	  virus	  co-­‐localised	  with	  flotillin-­‐1	  (Figure	  8.40).	  	  
This	  indicates	  that	  virus	  may	  be	  travelling	  to	  larger	  endosomes	  in	  flotillin-­‐1	  positive	  
endosomes,	  or	  that	  endosomes	  carrying	  virus	  or	  flotillin-­‐1	  are	  merging	  together	  in	  the	  
peri-­‐nuclear	  region.	  	  This	  experiment	  was	  repeated	  using	  O1K-­‐KGA	  virus;	  however	  the	  
fluorescence	  from	  labelled	  virus	  was	  insufficient	  to	  reliably	  detect	  co-­‐localisation.	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8.2.7	  Effect	  of	  the	  pharmacological	  inhibitor	  of	  endocytosis	  Dynasore	  on	  the	  uptake	  of	  
virus	  by	  IBRS2	  cells	  
Dynamin	  is	  a	  GTPase	  that	  is	  involved	  in	  the	  scission	  of	  newly	  formed	  vesicles	  from	  cellular	  
membranes	  and	  is	  required	  for	  clathrin-­‐mediated	  and	  caveolae-­‐mediated	  endocytosis	  
(see	  introduction	  section	  1.8.1.3).	  	  Dynasore	  is	  a	  small	  molecule	  inhibitor	  of	  dynamin	  that	  
inhibits	  the	  GTPase	  activity	  of	  dynamin.	  	  It	  is	  a	  fast-­‐acting,	  non-­‐competitive	  inhibitor	  and	  
thus	  blocks	  dynamin	  dependent	  endocytosis.	  To	  confirm	  that	  dynasore	  was	  capable	  of	  
inhibiting	  dynamin-­‐dependent	  endocytosis	  in	  IBRS2	  cells	  an	  entry	  assay	  was	  first	  
performed	  using	  transferrin.	  	  As	  previously	  mentioned	  transferrin	  is	  internalised	  by	  
clathrin-­‐mediated	  endocytosis	  and	  is	  thus	  dependent	  on	  dynamin.	  	  IBRS2	  cells	  were	  pre-­‐
incubated	  with	  dynasore	  (100µM)	  for	  30	  minutes	  at	  37°C	  before	  the	  addition	  of	  Alexa-­‐
568	  transferrin	  (20µg/ml)	  and	  the	  cells	  incubated	  for	  a	  further	  20	  minutes	  in	  the	  presence	  
of	  dynasore.	  	  The	  cells	  were	  then	  fixed	  with	  4%	  PFM	  and	  0.2%	  Gluteraldehyde	  (GA).	  	  A	  	  
DMSO	  (the	  solvent	  for	  dynasore)	  control	  was	  included.	  	  Figure	  8.41,	  panels	  A,	  B	  and	  C	  
show	  results	  for	  the	  DMSO	  control	  and	  transferrin	  internalisation	  into	  vesicles	  consistent	  
with	  early	  and	  recycling	  endosomes.	  	  In	  comparison,	  panels	  D,	  E	  and	  F	  show	  that	  
transferrin	  endocytosis	  is	  arrested	  at	  the	  cell	  surface	  in	  dynasore	  treated	  cells.	  	  It	  
appeared	  that	  the	  transferrin	  had	  collected	  in	  to	  larger	  structures	  at	  the	  plasma	  
membrane	  however	  virtually	  none	  of	  it	  had	  been	  internalised.	  	  This	  confirms	  that	  
dynasore	  inhibits	  dynamin-­‐dependent	  endocytosis	  in	  IBRS2	  cells.	  	  
	  
In	  order	  to	  investigate	  the	  role	  of	  dynamin	  in	  entry	  of	  O1K/A-­‐	  the	  above	  experiment	  was	  
repeated	  using	  virus.	  	  IBRS2	  cells	  were	  pre-­‐treated	  with	  dynasore	  then	  cooled	  and	  virus	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allowed	  to	  bind	  at	  4°C.	  	  Unbound	  virus	  was	  washed	  away	  and	  the	  cells	  were	  then	  warmed	  
to	  37°C	  in	  the	  presence	  of	  dynasore	  and	  incubated	  for	  30	  minutes	  before	  fixation	  with	  4%	  
PFM.	  	  Because	  experiment	  8.4	  showed	  that	  O1K/A-­‐	  is	  rapidly	  internalised	  and	  traffics	  to	  
early	  endosomes	  both	  virus	  and	  EEA-­‐1	  were	  immunolabelled	  to	  determine	  whether	  virus	  
entry	  and	  co-­‐localisation	  with	  early	  endosomes	  could	  still	  occur	  in	  the	  presence	  of	  
dynasore.	  	  Figure	  8.42	  shows	  the	  effect	  of	  dynasore	  treatment	  on	  IBRS2	  cells	  on	  the	  entry	  
of	  O1K/A-­‐.	  	  Virus	  internalisation	  was	  unaffected	  in	  control	  cells	  that	  had	  been	  DMSO	  
treated,	  as	  evidenced	  by	  the	  large	  amount	  of	  internalised	  virus	  after	  30	  minutes	  
incubation	  and	  the	  large	  degree	  of	  co-­‐localisation	  with	  early	  endosomes	  (panels	  A,	  B	  and	  
C,	  co-­‐localisation	  highlighted	  by	  white	  arrows).	  	  In	  comparison,	  internalisation	  of	  O1K/A-­‐	  
in	  dynasore	  treated	  cells	  was	  inhibited	  as	  evidenced	  by	  the	  large	  amount	  of	  virus	  present	  
at	  the	  plasma	  membrane	  and	  the	  very	  small	  degree	  of	  virus	  co-­‐localisation	  with	  early	  
endosomes	  (panels	  D,	  E	  and	  F).	  	  This	  strongly	  suggests	  that	  dynamin	  is	  an	  important	  and	  
necessary	  component	  for	  O1K/A-­‐	  internalisation.	  	  
	  
For	  comparison,	  this	  experiment	  was	  repeated	  using	  O1K-­‐KGA	  and	  the	  results	  are	  shown	  
in	  Figure	  8.43.	  	  	  Dynasore	  treated	  cells	  the	  virus	  accumulated	  in	  large	  structures	  at	  the	  
plasma	  membrane,	  and	  were	  concentrated	  on	  one	  particular	  side	  (panel	  F).	  	  This	  suggests	  
that	  for	  an	  unknown	  reason	  dynamin	  inhibition	  causes	  an	  aggregation	  of	  O1K-­‐KGA	  at	  the	  
surface	  of	  IBRS2	  cells,	  and	  indicates	  that	  dynamin	  may	  be	  important	  for	  internalisation	  of	  
this	  virus.	  	  This	  agrees	  with	  the	  model	  that	  O1K-­‐KGA	  binds	  and	  accumulates	  into	  larger	  
structures	  at	  the	  plasma	  membrane	  before	  being	  internalised.	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8.2.8	  Effect	  of	  the	  pharmacological	  inhibitor	  of	  endocytosis	  Pitstop-­‐2	  on	  the	  uptake	  of	  
virus	  by	  IBRS2	  cells	  
Clathrin	  is	  involved	  in	  the	  formation	  of	  clathrin-­‐coated	  vesicles.	  	  It	  has	  a	  	  triskelion	  shape	  
composed	  of	  three	  heavy	  and	  three	  light	  chains	  which	  polymerise	  into	  a	  lattice	  at	  the	  
intracellular	  side	  of	  the	  plasma	  membrane,	  causing	  membrane	  invagination	  that	  
eventually	  forms	  a	  clathrin	  coated	  pit	  	  (see	  main	  introduction	  section	  1.8.1).	  	  Pitstop-­‐2	  is	  a	  
novel,	  competitive,	  small	  molecule	  inhibitor	  of	  clathrin-­‐mediated	  endocytosis	  that	  acts	  by	  
binding	  to	  the	  N-­‐terminal	  domain	  of	  the	  clathrin	  heavy	  chain	  and	  preventing	  the	  
engagement	  of	  adaptor	  proteins	  with	  clathrin.	  	  It	  can	  thus	  be	  used	  to	  investigate	  the	  
effects	  of	  clathrin-­‐dependent	  endocytosis	  inhibition	  on	  entry	  of	  O1K/A-­‐	  and	  O1K-­‐KGA.	  	  To	  
ensure	  that	  pitstop-­‐2	  would	  inhibit	  clathrin-­‐mediated	  endocytosis	  in	  IBRS2	  cells	  an	  
experiment	  was	  first	  performed	  using	  transferrin.	  	  IBRS2	  cells	  were	  pre-­‐incubated	  with	  
pitstop-­‐2	  (30µM)	  for	  30	  minutes	  at	  37°C.	  Transferrin	  was	  then	  added	  (20µg/ml)	  and	  the	  
cells	  were	  incubated	  at	  37	  o	  C	  for	  a	  further	  20	  minutes.	  	  Figure	  8.44	  shows	  the	  effect	  of	  
pitstop-­‐2	  on	  the	  internalisation	  of	  transferrin	  in	  IBRS2	  cells.	  	  Panels	  A,	  B	  and	  C	  display	  
control	  cells	  treated	  with	  DMSO	  where	  transferrin	  endocytosis	  has	  been	  unaffected.	  	  In	  
comparison	  however	  pitstop-­‐2	  treated	  cells	  (panels	  D,	  E	  and	  F)	  had	  barely	  any	  
internalised	  transferrin	  where	  the	  majority	  of	  it	  was	  located	  on	  the	  cell	  surface.	  	  This	  
shows	  that	  that	  for	  IBRS2	  cells	  pitstop-­‐2	  inhibits	  clathrin-­‐mediated	  endocytosis.	  	  
	  
This	  experiment	  was	  repeated	  using	  O1K/A-­‐	  virus.	  	  IBRS2	  cells	  were	  pre-­‐treated	  with	  
pitstop-­‐2	  (30µM)	  for	  30	  minutes	  before	  being	  cooled	  and	  incubated	  with	  virus	  for	  60	  
minutes	  at	  4°C.	  	  The	  cells	  were	  then	  warmed	  and	  incubated	  in	  the	  presence	  of	  pitstop-­‐2	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for	  30	  minutes	  at	  37°C.	  	  As	  with	  experiment	  8.8,	  both	  virus	  and	  early	  endosomes	  were	  
labelled	  to	  detect	  co-­‐localisation	  and	  thus	  endocytosis.	  	  Control	  cells	  treated	  with	  DMSO	  
were	  unaffected	  and	  virus	  readily	  co-­‐localised	  with	  early	  endosomes	  (Figure	  8.45,	  panel	  
C).	  	  There	  was	  also	  extensive	  virus	  entry	  and	  accumulation	  into	  vesicular	  structures	  within	  
the	  cell.	  	  In	  comparison,	  cells	  pre-­‐treated	  with	  pitstop-­‐2	  showed	  little	  virus	  internalisation	  
(panel	  F).	  	  Although	  there	  were	  small	  amounts	  of	  co-­‐localisation	  of	  virus	  with	  EEA-­‐1	  in	  
pitstop-­‐2	  treated	  cells	  indicating	  that	  some	  residual	  internalisation	  may	  be	  occurring,	  the	  
vast	  majority	  of	  virus	  was	  bound	  to	  the	  cell	  surface.	  	  Interestingly,	  early	  endosomes	  in	  
pitstop-­‐2	  treated	  cells	  were	  smaller	  and	  less	  numerous.	  	  Taken	  together,	  the	  data	  strongly	  
indicates	  that	  inhibition	  of	  clathrin	  in	  IBRS2	  cells	  prevents	  entry	  of	  O1K/A-­‐,	  suggesting	  
clathrin	  is	  important	  for	  entry	  of	  this	  virus.	  	  
	  
This	  internalisation	  experiment	  was	  repeated	  with	  O1K-­‐KGA	  in	  IBRS2	  cells	  and	  the	  
observations	  are	  shown	  in	  Figure	  8.46.	  	  Panel	  C	  shows	  an	  overlay	  of	  a	  DMSO	  treated	  
control	  cell	  where	  at	  30	  minutes	  post-­‐warming	  internalisation	  of	  O1K-­‐KGA	  has	  been	  
unaffected.	  	  As	  seen	  in	  previous	  experiments	  the	  virus	  was	  mostly	  evenly	  distributed	  at	  
the	  cell	  surface	  however	  some	  virus	  was	  co-­‐localised	  with	  early	  endosomes	  indicating	  
internalisation	  had	  occurred.	  	  In	  comparison,	  in	  cells	  treated	  with	  pitstop-­‐2	  virus	  
distribution	  on	  the	  cell	  surface	  was	  asymmetric,	  appearing	  to	  cluster	  on	  certain	  regions	  of	  
the	  cell	  (panel	  F).	  There	  was	  a	  small	  amount	  of	  co-­‐localisation	  with	  EEA-­‐1	  which	  indicated	  
that	  some	  virus	  had	  been	  internalised	  and	  trafficked	  to	  early	  endosomes.	  	  The	  early	  
endosomes	  once	  again	  appear	  smaller	  and	  less	  numerous.	  The	  above	  results	  show	  that	  	  	  
pitstop-­‐2	  inhibits	  entry	  of	  O1K-­‐KGA	  and	  appears	  to	  cause	  clustering	  of	  O1K-­‐KGA	  at	  the	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plasma	  membrane	  and	  a	  reduction	  in	  the	  size	  and	  number	  of	  early	  endosomes	  within	  the	  
cell.	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8.3	  Summary	  and	  discussion	  
Picornaviruses	  exploit	  a	  number	  of	  known	  endocytic	  pathways	  including	  clathrin-­‐
mediated	  endocytosis,	  caveolae,	  and	  lipid-­‐raft	  mediated	  endocytosis.	  	  Studies	  on	  virus	  
entry	  suggest	  the	  mechanism	  of	  endocytosis	  is	  determined	  by	  the	  receptor	  the	  virus	  
binds	  to	  (see	  main	  introduction	  section	  1.9).	  	  It	  is	  established	  that	  field-­‐isolates	  of	  FMDV	  
are	  internalised	  via	  clathrin-­‐mediated	  endocytosis	  (CME)	  and	  that	  the	  virus-­‐receptor	  
complex	  is	  internalised	  to	  early	  endosomes	  [336,	  337].	  	  The	  endocytosis	  mechanisms	  for	  
cell-­‐culture	  adapted	  strains	  however	  are	  less	  well	  understood.	  	  This	  Chapter	  describes	  
investigations	  into	  the	  endocytosis	  mechanisms	  of	  O1K/A-­‐	  and	  O1K-­‐KGA.	  The	  results	  
presented	  suggest	  that	  O1K/A-­‐	  enters	  cells	  via	  clathrin-­‐mediated	  endocytosis	  whereas	  
O1K-­‐KGA	  may	  use	  a	  caveolae/lipid-­‐raft	  mediated	  endocytosis	  pathway.	  	  	  
	  
Most	  studies	  investigating	  FMDV	  entry	  were	  performed	  in	  a	  pig	  retinal	  cell	  line	  (IBRS2)	  as	  
they	  are	  susceptible	  to	  infection	  from	  field-­‐isolate	  and	  cell-­‐culture	  adapted	  FMDV	  and	  are	  
widely	  used	  in	  FMDV	  research	  [336,	  337].	  	  The	  Chinese	  hamster	  ovary	  cell	  line	  (CHO)	  was	  
additionally	  used	  in	  some	  experiments	  as	  these	  cells	  lack	  FMDV	  integrins	  and	  are	  not	  
normally	  permissible	  to	  field-­‐isolate	  FMDV	  [292,	  357,	  360].	  Therefore	  they	  provide	  a	  
useful	  tool	  to	  compare	  FMDV	  entry	  between	  cells	  permissible	  to	  field-­‐isolate	  FMDV	  and	  
cells	  only	  permissible	  to	  cell-­‐culture	  adapted	  virus.	  	  	  
	  
It	  has	  previously	  been	  shown	  that	  FMDV	  that	  lacks	  a	  functional	  RGD	  and	  	  HS-­‐binding	  can	  
infect	  cells	  not	  normally	  permissible	  to	  FMDV	  field	  isolates	  	  [355,	  378].	  	  As	  described	  in	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Chapter	  3,	  A/Iran/87	  A-­‐	  does	  not	  require	  integrin	  or	  HS	  for	  infection	  and	  therefore	  may	  
utilise	  an	  unknown	  “third”	  receptor	  to	  initiate	  infection.	  	  However	  to	  date	  nothing	  has	  
been	  known	  about	  its	  entry	  mechanism.	  	  Here	  it	  has	  been	  shown	  that	  O1K/A-­‐	  most	  likely	  
enters	  cells	  via	  CME.	  	  	  Cargo	  internalised	  by	  CME	  typically	  reaches	  EEs	  in	  less	  than	  2	  
minutes	  after	  internalisation	  and	  traffics	  to	  	  late	  endosomes	  in	  the	  perinuclear	  region	  
after	  ~15	  min	  and	  then	  to	  lysosomes	  within	  30-­‐60	  min	  [233,	  498].	  	  Alternative	  
internalised	  ligands	  can	  traffic	  to	  recycling	  endosomes.	  The	  pattern	  of	  
immunofluorescence	  during	  the	  entry	  of	  O1K/A-­‐	  appeared	  to	  suggest	  it	  was	  following	  a	  
predominantly	  clathrin-­‐mediated	  endocytosis	  pathway.	  When	  a	  serial-­‐labelling	  assay	  was	  
used	  to	  label	  intracellular	  and	  extracellular	  virus	  using	  different	  coloured	  fluorophores,	  it	  
was	  revealed	  that	  the	  majority	  of	  virus	  was	  internalised	  within	  5	  minutes	  in	  IBRS2	  cells.	  	  	  
	  
Further	  investigations	  revealed	  co-­‐localisation	  of	  O1K/A-­‐	  with	  EEA-­‐1	  and	  transferrin	  after	  
5	  minutes	  entry,	  both	  of	  which	  are	  markers	  of	  early	  endosomes.	  Transferrin	  is	  a	  classical	  
marker	  of	  CME,	  and	  upon	  internalisation	  it	  traffics	  to	  early	  endosomes.	  	  It	  is	  then	  
delivered	  back	  to	  the	  plasma	  membrane	  via	  recycling	  endosomes.	  	  These	  observations	  
closely	  match	  those	  seen	  by	  Dr.	  Steven	  Berryman	  [481]	  when	  using	  field-­‐isolate	  FMDV	  in	  
SW480	  cells	  that	  expressed	  αvβ6.	  The	  non-­‐co-­‐localised	  virus	  may	  have	  not	  yet	  reached	  an	  
early	  endosome,	  or	  it	  may	  be	  virus	  that	  has	  been	  internalised	  via	  another	  mechanism.	  
However	  without	  markers	  for	  endocytosis	  we	  cannot	  tell	  for	  certain.	  	  At	  10-­‐15	  minutes	  
post	  entry	  internalisation	  O1K/A-­‐	  accumulated	  into	  larger	  structures	  which	  may	  have	  
been	  recycling	  endosomes.	  By	  30	  minutes	  it	  accumulated	  in	  to	  large	  structures	  in	  the	  
peri-­‐nuclear	  region	  which	  may	  have	  been	  peri-­‐nuclear	  recycling	  endosomes	  (PNRE).	  	  By	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60	  minutes	  most	  of	  the	  fluorescence	  had	  disappeared	  indicating	  that	  the	  virus	  had	  been	  
degraded	  or	  recycled	  out	  of	  the	  cell.	  	  This	  observation	  was	  repeated	  in	  CHO	  cells	  where	  
virtually	  all	  of	  the	  surface	  bound	  virus	  was	  internalised	  within	  5	  minutes.	  	  	  
	  
To	  further	  support	  the	  conclusion	  that	  	  O1K/A-­‐	  uses	  CME	  for	  entry,	  entry	  of	  O1K/A-­‐	  was	  
also	  shown	  to	  be	  sensitive	  to	  dynasore	  and	  pitstop-­‐2	  which	  both	  inhibit	  clathrin-­‐mediated	  
endocytosis	  (reviewed	  by	  Doherty	  and	  McMahon	  [499]).	  	  These	  findings	  are	  similar	  to	  
those	  of	  Berryman	  et	  al	  [377],	  who	  investigated	  the	  entry	  mechanism	  of	  an	  FMDV	  field-­‐
isolate	  (O1Kcad2)	  using	  SW480-­‐β6	  cells	  and	  showed	  FMDV	  co-­‐localised	  with	  EEA-­‐1	  and	  
the	  transferrin	  receptor	  after	  5	  minutes	  entry.	  	  They	  are	  also	  in	  agreement	  with	  work	  by	  
O’Donnell	  et	  al	  who	  observed	  co-­‐localisation	  of	  O1Campos	  with	  transferrin	  receptor	  after	  
5	  minutes	  entry	  in	  MCF-­‐10A	  cells	  [337,	  478].	  	  	  
	  
Interestingly,	  O1K/A-­‐	  co-­‐localised	  in	  CHO	  cells	  with	  caveolin-­‐1	  and	  flotillin-­‐1	  GFP	  fused	  
proteins	  at	  the	  plasma	  membrane	  after	  5	  minutes	  warming,	  and	  then	  within	  the	  peri-­‐
nuclear	  region	  after	  15	  minutes	  entry.	  	  The	  degree	  of	  co-­‐localisation	  was	  greater	  with	  
caveolin-­‐1	  than	  with	  flotillin-­‐1,	  and	  not	  all	  virus	  that	  was	  internalised	  was	  co-­‐localised	  
with	  caveolin-­‐1	  or	  flotillin-­‐1	  indicating	  that	  these	  were	  not	  predominant	  pathways.	  	  These	  
observations	  suggest	  that	  a	  proportion	  of	  O1K/A-­‐	  is	  taken	  up	  in	  caveolin-­‐1	  positive	  
vesicles,	  thus	  caveolae	  may	  play	  a	  role	  in	  the	  entry	  of	  O1K/A-­‐.	  	  This	  is	  evidence	  for	  more	  
than	  one	  endocytosis	  mechanism	  and	  fits	  in	  with	  the	  putative	  ability	  of	  O1K/A-­‐	  to	  use	  
more	  than	  one	  receptor.	  However	  another	  possibility	  is	  that	  O1K/A-­‐	  is	  merging	  with	  
endocytic	  vesicles	  that	  contain	  caveolin-­‐1	  or	  flotillin-­‐1	  and	  this	  is	  accentuated	  as	  the	  virus	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moves	  deeper	  within	  the	  endosomal	  network.	  	  As	  the	  receptor	  for	  A/Iran/87	  A-­‐	  is	  still	  not	  
identified	  it	  cannot	  be	  excluded	  that	  A/Iran/87	  A-­‐	  or	  O1K/A-­‐	  may	  bind	  multiple	  receptors	  
such	  as	  other	  picornaviruses	  like	  EV71	  can	  [264,	  370]	  and	  be	  able	  to	  use	  more	  than	  one	  
endocytosis	  mechanism.	  	  	  
	  
The	  co-­‐localisation	  and	  inhibitor	  experiments	  are	  consistent	  with	  O1K/A-­‐	  using	  a	  clathrin-­‐
mediated	  uptake	  pathway	  as	  entry	  was	  dependent	  on	  clathrin	  and	  dynamin.	  	  Virus	  also	  
co-­‐localised	  with	  transferrin	  and	  EEA-­‐1,	  both	  of	  which	  are	  markers	  of	  clathrin-­‐mediated	  
endocytosis.	  	  The	  results	  agree	  with	  the	  rapid	  internalisation	  kinetics	  seen	  in	  Chapter	  7.	  	  
In	  Chapter	  7	  it	  was	  shown	  that	  O1K/A-­‐	  was	  rapidly	  delivered	  to	  acidic	  endosomes	  in	  IBRS2	  
and	  CHO	  cells,	  and	  the	  data	  from	  the	  entry	  experiments	  in	  8.2	  and	  8.3,	  which	  suggests	  the	  
majority	  of	  virus	  is	  internalised	  within	  5	  minutes,	  supports	  this.	  	  There	  is	  a	  possibility	  that	  
O1K/A-­‐	  may	  be	  able	  to	  use	  other	  internalisation	  pathways	  too,	  as	  some	  virus	  co-­‐localised	  
with	  caveolin-­‐1,	  however	  this	  needs	  further	  characterisation.	  Taken	  together,	  it	  is	  most	  
likely	  that	  A/Iran/87	  A-­‐	  (and	  thus	  O1K/A-­‐)	  uses	  a	  clathrin-­‐mediated	  endocytosis	  
mechanism	  in	  both	  CHO	  and	  IBRS2	  cells,	  although	  further	  work	  will	  be	  needed	  to	  confirm	  
this.	  	  	  
	  
Entry	  of	  O1K-­‐KGA	  was	  studied.	  	  The	  best	  evidence	  to	  date	  suggests	  that	  cell-­‐culture	  
adapted	  strains	  of	  FMDV	  that	  use	  HS	  receptors	  enter	  cells	  via	  caveolae	  [362].	  	  The	  results	  
from	  this	  Chapter	  agree	  with	  O’Donnell	  as	  the	  exclusive	  HS-­‐binding	  O1K-­‐KGA	  virus	  
appears	  to	  use	  a	  slow	  entry	  mechanism	  that	  shows	  characteristics	  of	  caveolae.	  	  Virus	  
internalisation	  through	  caveolae	  is	  generally	  slow	  and	  dependent	  on	  dynamin-­‐2	  but	  also	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more	  dependent	  on	  actin	  dynamics	  for	  caveola	  formation,	  as	  shown	  with	  SV40	  [500].	  	  
O1K-­‐KGA	  entry	  was	  inhibited	  by	  dynasore,	  an	  inhibitor	  of	  dynamin	  which	  is	  required	  for	  
the	  pinching	  off	  of	  caveolae	  vesicles	  from	  the	  plasma-­‐membrane	  and	  interestingly	  caused	  
the	  virus	  to	  cluster	  at	  discrete	  regions	  on	  the	  plasma	  membrane.	  	  This	  suggests	  that	  for	  
an	  unknown	  reason	  dynamin	  inhibition	  causes	  an	  aggregation	  of	  O1K-­‐KGA	  at	  the	  surface	  
of	  IBRS2	  cells,	  and	  indicates	  that	  dynamin	  may	  be	  important	  for	  internalisation	  of	  this	  
virus.	  	  This	  agrees	  with	  the	  model	  that	  O1K-­‐KGA	  binds	  to	  the	  plasma	  membrane	  and	  
accumulates	  into	  larger	  structures	  before	  being	  internalised.	  	  	  
	  
Cargo	  internalised	  by	  caveolae	  traffic	  to	  early	  endosomes,	  late	  endosomes,	  and	  then	  onto	  
the	  ER.	  	  Normally,	  field	  strains	  of	  FMDV	  do	  not	  co-­‐localise	  with	  the	  ER	  or	  Golgi	  indicating	  
that	  they	  do	  not	  transport	  to	  these	  organelles	  [337].	  	  O1K-­‐KGA	  and	  O1K/A-­‐	  did	  however	  
aggregate	  into	  large	  structures,	  that	  may	  have	  been	  the	  golgi	  apparatus,	  in	  the	  peri-­‐
nuclear	  region.	  	  These	  structures	  were	  more	  pronounced	  with	  O1K-­‐KGA	  and	  after	  60	  
minutes	  entry.	  	  The	  O1K-­‐KGA	  virus	  appears	  to	  remain	  at	  the	  plasma	  membrane	  for	  long	  
periods	  of	  time	  but	  small	  amounts	  did	  co-­‐localise	  with	  EEA-­‐1	  after	  15	  minutes,	  indicating	  
that	  a	  proportion	  of	  the	  internalised	  virus	  enters	  an	  acidic	  compartment.	  	  The	  O1K-­‐KGA	  
entry	  experiments	  are	  consistent	  with	  previous	  reports	  of	  HS-­‐binding	  FMDV	  entering	  cells	  
via	  a	  slower	  mechanism	  such	  as	  caveolae-­‐mediated	  endocytosis	  [337].	  	  This	  data	  is	  in	  
agreement	  with	  the	  findings	  from	  Chapter	  7	  which	  suggests	  that	  O1K-­‐KGA	  has	  a	  slow	  rate	  
of	  delivery	  to	  acidic	  endosomes,	  as	  confocal	  microscopy	  revealed	  a	  smaller	  proportion	  of	  
virus	  was	  internalised	  and	  co-­‐localised	  with	  early-­‐endosomes	  compared	  to	  O1K/A-­‐	  during	  
an	  equivalent	  time	  period.	  	  The	  reliance	  of	  O1K-­‐KGA	  entry	  on	  plasma	  membrane	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cholesterol	  (Chapter	  7)	  is	  evidence	  that	  it	  is	  using	  caveolae-­‐mediated	  endocytosis,	  as	  the	  
formation	  of	  caveolae	  is	  dependent	  on	  cholesterol	  [237,	  240,	  266,	  501].	  	  The	  findings	  of	  
this	  Chapter	  also	  support	  the	  model	  that	  pH	  neutral	  caveolae,	  and	  viruses	  internalised	  by	  
caveolae,	  are	  able	  to	  traffic	  to	  acidic	  endosomes	  [278,	  323].	  	  Taken	  together,	  it	  is	  likely	  
that	  O1K-­‐KGA	  uses	  caveolae-­‐	  or	  another	  lipid-­‐raft	  mediated	  endocytosis	  mechanism,	  
however	  further	  work	  is	  needed	  to	  confirm	  this.	  	  
	  
In	  summary,	  this	  chapter	  provides	  evidence	  that	  FMDV	  is	  capable	  of	  using	  different	  
endocytosis	  mechanisms	  which	  are	  determined	  by	  the	  cell-­‐surface	  receptor	  it	  binds	  to.	  	  
This	  phenomenon	  is	  observed	  in	  other	  picornaviruses	  such	  as	  EV71,	  which	  can	  bind	  PSGL-­‐
1	  or	  SCARB2.	  	  Binding	  to	  SCARB2	  initiates	  a	  clathrin-­‐mediated	  uptake	  mechanism	  [502]	  
whereas	  binding	  to	  PSGL-­‐1	  leads	  to	  a	  caveolae	  mediated	  uptake	  mechanism	  [263].	  	  The	  
endosomal	  network	  is	  a	  complex	  continuum	  of	  heterogenous	  classes	  of	  organelles	  that	  
continuously	  undergo	  changes	  [503],	  resulting	  in	  frequently	  conflicting	  findings.	  However	  
this	  chapter	  has	  shed	  some	  light	  on	  the	  endocytosis	  mechanisms	  of	  two	  cell-­‐culture	  
adapted	  strains	  of	  FMDV.	  	  O1K/A-­‐,	  which	  contains	  the	  capsid	  of	  A/Iran/87	  A-­‐,	  binds	  to	  an	  
unknown	  receptor	  and	  is	  likely	  internalised	  via	  clathin-­‐mediated	  endocytosis.	  	  In	  
comparison	  O1K-­‐KGA,	  which	  binds	  exclusively	  to	  HS,	  is	  most	  likely	  internalised	  via	  
caveolae-­‐mediated	  endocytosis.	  	  	  
	  
Further	  endocytosis	  studies	  will	  need	  to	  be	  performed	  to	  confirm	  the	  involvement	  of	  
caveolae-­‐mediated	  endocytosis	  in	  entry	  of	  O1K-­‐KGA.	  	  Although	  there	  are	  clear	  differences	  
in	  entry	  kinetics,	  FMDV	  only	  requires	  a	  pH	  of	  just	  below	  neutrality	  to	  initiate	  infection.	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Clathin-­‐coated	  vesicles	  and	  caveolae	  both	  traffic	  to	  early	  endosomes	  and	  the	  data	  from	  
this	  chapter	  shows	  that	  O1K/A-­‐	  and	  O1K-­‐KGA	  did	  so.	  	  Cell-­‐culture	  adapted	  strains	  of	  FMDV	  
can	  be	  promiscuous	  in	  its	  usage	  of	  uptake	  mechanism	  as	  it	  only	  requires	  delivery	  to	  an	  
early	  endosomes	  which	  are	  the	  first	  port	  of	  call	  for	  almost	  all	  incoming	  cargo.	  	  In	  
conclusion,	  this	  chapter	  provides	  important	  knowledge	  about	  the	  endocytosis	  
mechanisms	  of	  cell-­‐culture	  adapted	  strains	  of	  FMDV,	  and	  provides	  characterisation	  of	  a	  
G-­‐H	  loop	  deleted	  virus	  that	  retains	  the	  ability	  to	  use	  clathrin-­‐mediated	  endocytosis.	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Chapter	  Nine:	  Summary	  and	  future	  work	  
In	  this	  thesis,	  cell-­‐culture	  adaptation,	  receptors	  and	  endocytosis	  of	  FMDV	  O1K/A-­‐	  was	  
investigated.	  	  This	  work	  has	  provided	  valuable	  insight	  into	  the	  cell-­‐culture	  adaptation	  
processes	  of	  FMDV.	  	  Understanding	  cell-­‐culture	  adaptation	  is	  important	  as	  this	  is	  first	  
step	  in	  vaccine	  production.	  	  Vaccine	  production	  requires	  growing	  virus	  in	  suspension	  cells	  
(normally	  BHK-­‐21)	  and	  field	  isolates	  normally	  have	  a	  low	  infectivity	  for	  such	  cells	  and	  
need	  to	  be	  passaged	  several	  times	  to	  achieve	  high	  titre.	  This	  often	  results	  in	  the	  selection	  
of	  variants	  that	  no	  longer	  rely	  on	  integrin	  receptors	  for	  infection,	  but	  instead	  use	  
alternative	  receptors	  such	  as	  HS.	  	  	  Although	  the	  receptors	  and	  the	  endocytosis	  
mechanism	  of	  field-­‐isolate	  FMDV	  are	  well	  characterised,	  the	  receptors	  and	  and	  entry	  
mechanisms	  used	  by	  cell-­‐culture	  adapted	  strains	  are	  less	  understood.	  	  It	  has	  been	  
reported	  previously	  	  that	  cell-­‐culture	  adapted	  FMDV	  acquires	  the	  ability	  to	  use	  HS	  
receptors	  due	  to	  	  the	  acquisition	  of	  surface	  exposed	  positive	  capsid	  residues	  [42,	  353],	  
however	  other	  research	  has	  revealed	  that	  FMDV	  may	  be	  able	  to	  use	  receptors	  that	  are	  
non-­‐integrin	  and	  non-­‐HS	  [355,	  378,	  383].	  	  	  
Despite	  lacking	  the	  VP1	  G-­‐H	  loop,	  RGD	  integrin-­‐binding	  site,	  and	  the	  known	  HS-­‐binding	  
residues,	  A/Iran/87	  A-­‐	  is	  still	  infectious.	  	  Surface	  exposed	  motifs	  were	  identified	  on	  the	  
surface	  of	  A/Iran/87	  A-­‐	  that	  are	  likely	  to	  serve	  as	  a	  cell-­‐attachment	  motif.	  	  Using	  the	  
O1K/A-­‐	  chimeric	  virus,	  it	  was	  discovered	  that	  these	  residues	  (SAR	  located	  at	  VP2	  78-­‐80	  
and	  EK	  located	  130-­‐131)	  were	  important	  for	  infectivity.	  	  VP2	  80	  and	  131	  are	  both	  
occupied	  by	  positively	  charged	  amino	  acids	  and	  were	  found	  to	  be	  critical	  for	  infectivity	  as	  
changing	  either	  to	  alanine	  abrogated	  infection.	  	  As	  these	  residues	  are	  positively	  charged	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and	  structurally	  close	  it	  was	  likely	  they	  create	  a	  local	  patch	  of	  positive	  charge	  on	  the	  outer	  
capsid	  surface	  that	  allows	  electrostatic	  interactions	  with	  negatively	  charged	  molecules	  
such	  as	  GAGs.	  	  This	  theory	  has	  also	  been	  proposed	  for	  other	  FMDVs	  that	  accumulate	  
positively	  charged	  residues	  surrounding	  the	  five-­‐fold	  axis	  of	  symmetry	  when	  passaged	  in	  
cell-­‐culture	  [358,	  359,	  377].	  Although	  the	  receptor	  was	  not	  identified	  for	  A/Iran/87	  A-­‐,	  it	  
showed	  an	  expanded	  tropism	  for	  cultured	  cells	  and	  could	  infect	  cells	  devoid	  of	  integrins,	  
HS,	  chondroitin-­‐sulphate,	  and	  sialic-­‐acid.	  	  The	  A-­‐	  virus	  appeared	  to	  grow	  less	  well	  in	  HS	  
deficient	  cells	  suggesting	  a	  role	  for	  HS	  in	  infection.	  	  	  Therefore	  it	  is	  possible	  that	  A/Iran/87	  
A-­‐	  can	  use	  multiple	  receptors	  including	  HS	  and	  other	  such	  GAGs,	  as	  removing	  one	  from	  
the	  cell	  surface	  does	  not	  fully	  abrogate	  infection	  as	  this	  would	  require	  removing	  several	  
negatively	  charged	  receptor	  types.	  	  Further	  research	  is	  needed	  to	  confirm	  if	  VP2	  78-­‐80	  
and	  130-­‐131	  act	  as	  a	  receptor	  binding	  motif.	  	  It	  would	  also	  be	  interesting	  to	  identify	  the	  
receptor	  or	  receptors	  used	  by	  A/Iran/87	  A-­‐	  as	  this	  would	  allow	  better	  characterisation	  of	  
the	  cell	  tropism,	  which	  is	  important	  as	  the	  cell	  tropism	  may	  influence	  the	  immune	  
response	  to	  vaccination	  prepared	  from	  a	  virus	  with	  these	  motifs.	  	  
FMDV	  vaccines	  are	  prepared	  from	  inactivated	  stocks	  of	  virus	  grown	  in	  cell-­‐culture,	  and	  
due	  to	  antigenic	  variation	  amongst	  FMDV	  strains	  and	  sub-­‐types,	  vaccine	  stocks	  must	  be	  
genetically	  similar	  to	  the	  outbreak	  strain	  to	  provide	  effective	  protection	  as	  it	  is	  the	  capsid	  
proteins	  that	  confer	  the	  antigenic	  	  phenotype	  [361].	  	  However,	  some	  field-­‐isolate	  strains	  
of	  FMDV	  are	  difficult	  to	  adapt.	  	  HS-­‐binding	  variants	  are	  also	  attenuated	  for	  infection	  in	  
the	  natural	  host,	  and	  vaccines	  produced	  from	  them	  can	  fail	  to	  elicit	  a	  protective	  immune	  
response	  [360,	  361,	  378].	  	  VP1,	  G-­‐H	  loop	  deleted	  viruses	  that	  contain	  novel	  cell	  
attachment	  motifs	  may	  however	  be	  useful	  in	  vaccine	  production.	  	  A/Iran/87	  A-­‐	  has	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previously	  been	  shown	  to	  confer	  protective	  immunity	  and	  can	  protect	  cattle	  against	  
experimental	  FMDV	  challenge	  [388,	  389].	  	  It	  has	  also	  shown	  potential	  as	  a	  negative	  
marker	  vaccine	  that	  can	  be	  used	  to	  differentiate	  vaccinated	  from	  infected	  animals	  (DIVA)	  
[504].	  	  By	  engineering	  novel	  cell-­‐attachment	  motifs	  into	  other	  FMDV’s,	  this	  may	  
accelerate	  cell-­‐culture	  adaptation	  and	  allow	  for	  the	  rational	  design	  of	  vaccine-­‐stock	  
viruses.	  	  It	  may	  also	  allow	  for	  the	  development	  of	  other	  negative-­‐marker	  vaccine	  stocks	  as	  
the	  SAR	  and	  EK	  motifs	  may	  allow	  G-­‐H	  loop	  independent-­‐infection	  by	  other	  FMDV	  strains.	  	  	  
In	  order	  to	  test	  this	  theory,	  the	  VP2	  78-­‐80	  (SAR)	  and	  130-­‐131	  (EK)	  motifs	  from	  A/Iran/87	  
A-­‐	  were	  engineered	  into	  a	  chimeric	  virus	  that	  contained	  the	  capsid	  protein	  from	  the	  
A/Turkey/2/2006	  (O1K/ATur)	  field	  isolate.	  	  This	  was	  done	  in	  conjunction	  with	  a	  RGD	  to	  
KGA	  mutation	  within	  the	  VP1	  G-­‐H	  loop	  to	  prevent	  integrin-­‐mediated	  cell-­‐attachment.	  	  
The	  SAR	  and	  EK	  motifs	  conferred	  the	  phenotype	  of	  A/Iran/87	  A-­‐	  to	  O1K/ATur	  (i.e.	  
O1K/ATur	  was	  still	  infectious	  despite	  having	  no	  RGD	  and	  showed	  an	  enhanced	  tropism	  for	  
cells	  not	  normally	  permissible	  to	  FMDV).	  	  This	  provided	  an	  important	  proof	  of	  principle	  
that	  the	  residues	  identified	  on	  VP2	  could	  be	  engineered	  into	  other	  FMDV	  strains	  and	  
confer	  unto	  them	  cell-­‐culture	  adaptation.	  	  This	  work	  could	  be	  progressed	  by	  exploring	  
whether	  these	  residues	  can	  be	  engineered	  in	  other	  serotypes	  of	  FMDV	  to	  confer	  cell-­‐
culture	  adaptation.	  	  If	  successful	  this	  could	  provide	  a	  useful	  method	  of	  rapidly	  adapting	  
field-­‐isolates	  to	  cell-­‐culture.	  	  
The	  second	  part	  of	  this	  thesis	  investigated	  the	  endocytosis	  mechanism	  of	  O1K/A-­‐.	  	  
Understanding	  the	  endocytosis	  mechanism	  of	  a	  virus	  is	  important	  as	  the	  entry	  pathway	  
may	  dictate	  whether	  the	  virus	  is	  detected	  via	  the	  MHCI	  or	  MHCII	  pathway,	  and	  thus	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whether	  the	  cell-­‐mediated	  or	  humoral	  mediated	  immune	  response	  is	  activated.	  	  This	  
could	  have	  important	  implications	  for	  vaccine	  design.	  	  	  
O1K/A-­‐	  was	  shown	  to	  have	  endocytosis	  characteristic	  that	  strongly	  suggested	  that	  
clathrin-­‐mediated	  endocytosis	  was	  predominantly	  used	  for	  entry	  but	  did	  show	  evidence	  
of	  using	  more	  than	  one	  entry	  mechanism.	  	  The	  entry	  characteristics	  of	  O1K/A-­‐	  were	  
similar	  to	  type	  O	  field-­‐isolate	  FMDV	  which	  was	  surprising	  as	  it	  cannot	  use	  integrin	  
receptors.	  	  Although	  the	  tropism	  and	  pathogenesis	  of	  A/Iran/87	  A-­‐	  in	  the	  natural	  host	  is	  
unknown,	  it	  did	  produce	  secondary	  lesions	  on	  the	  feet	  in	  experimentally	  infected	  cattle	  
[390].	  	  It	  would	  be	  interesting	  to	  investigate	  the	  tropism	  of	  A/Iran/87	  A-­‐	  further	  in	  the	  
natural	  host	  to	  see	  whether	  the	  virus	  pathogenesis	  resembles	  infection	  by	  field-­‐isolate	  
FMDV.	  	  	  
Investigations	  into	  the	  entry	  mechanism	  of	  O1K-­‐KGA,	  an	  exclusive	  HS-­‐binding	  virus,	  
corroborated	  findings	  made	  by	  O’Donnell	  et	  al	  [362].	  	  The	  evidence	  presented	  in	  this	  
thesis	  suggests	  that	  O1K-­‐KGA	  internalisation	  is	  slow,	  dependent	  on	  membrane-­‐
cholesterol,	  and	  likely	  caveolae-­‐mediated.	  	  Although	  adaptation	  to	  HS	  arises	  during	  serial	  
passage	  in	  cell-­‐culture	  it	  is	  unknown	  what	  role,	  if	  any,	  HS	  adaptation	  has	  in	  the	  natural	  
host.	  	  HS-­‐adapted	  variants	  of	  FMDV	  are	  attenuated	  for	  infection	  however	  it	  has	  been	  
postulated	  that	  HS-­‐adaptation	  during	  natural	  infection	  may	  have	  a	  role	  in	  long	  term	  
persistence	  in	  the	  host	  [42].	  	  Nonetheless,	  the	  data	  provides	  interesting	  evidence	  about	  
the	  versatility	  of	  FMDV	  and	  its	  ability	  to	  adapt	  and	  use	  new	  receptors	  and	  endocytosis	  
mechanisms.	  	  The	  evidence	  is	  compelling	  that	  HS-­‐binding	  FMDV	  is	  internalised	  and	  
traffics	  within	  the	  endosomal	  network	  in	  a	  different	  manner	  to	  field-­‐isolate	  FMDV.	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The	  data	  presented	  in	  this	  thesis	  provides	  important	  evidence	  regarding	  cell	  culture	  
adaptation	  of	  FMDV,	  and	  its	  ability	  to	  adapt	  and	  thrive	  in	  new	  environments.	  	  The	  
identification	  of	  novel	  residues	  that	  mediate	  RGD-­‐	  and	  HS-­‐independent	  binding	  raises	  the	  
possibility	  of	  an	  exciting	  avenue	  of	  exploration.	  	  The	  work	  in	  this	  thesis	  may	  aid	  future	  
studies	  on	  the	  rational	  design	  of	  vaccine	  strains,	  thus	  improving	  vaccine	  manufacture.	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